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Intracellular viscosity is correlated with cause of diseases, and it also affects the 
metabolism and chemical signalling. In this thesis, fluorescence-based studies 
were conducted on a fluorescent molecular rotor, BODIPY-C12, which was used to 
measure the intracellular viscosity. 
 
BODIPY-C12 is insensitive to the surrounding polarity using solvatochromic 
methods. It was demonstrated that the fluorescence lifetime of BODIPY-C12 in 
methanol/glycerol mixtures is related to viscosity via the Förster-Hoffmann equation, 
and the rotational correlation time depends on viscosity based on the Stokes-
Einstein-Debye equation. The intracellular viscosity is measured via FLIM, time-
resolved and steady-state fluorescence anisotropy. The relationship between the 
fluorescence lifetime and rotational correlation time of BODIPY-C12 in 
methanol/glycerol mixtures agrees with the combination of the Förster-Hoffmann 
equation and the Stokes-Einstein-Debye equation and is different to that of a rigid 
fluorophore. From the fluorescence imaging and counterstaining experiments, it 
appears that BODIPY-C12 is located in lipid droplets and the endoplasmic reticulum 
of cells. Particle tracking provided further evidence of lipid droplet staining. It seems 
that there are two different lifetimes in lipid droplets and the endoplasmic reticulum 
via time-resolved fluorescence anisotropy measurements, which indicate of two 
different environments for both locations. The lifetime is not a function of rotational 
correlation time for BODIPY-C12 in cells. An appropriate medium has to use to 
create a calibration of lifetime versus viscosity for measuring the microviscosity of 
cells. It is also found that BODIPY-C12 fails to measure viscosity in non-polar 
silicone oils.  
 
In addition, spectroscopic studies of Nile red, Rhodamine 123, Pyrromethene 546 
and BODIPY-C12 in methanol/glycerol mixtures were carried out to examine the 
relationship between the radiative rate constant and refractive index according to 
the Strickler-Berg equation and an advanced model by Toptygin et al. The 
transition dipole moment and the shape of the fluorophore can be analyzed using a 
model also by Toptygin et al. 
 
Time-resolved fluorescence imaging and spectroscopy offer a very powerful and 
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RBC(s) Red Blood Cell(s) 
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SRß Signal-Recognition-Particle Receptor 
SIM Structured-illumination Microscopy 
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1.1 Fluorescence  
The history of fluorescence can be traced back to a long time ago. Sir John 
Frederick William Herschel reported an observation of blue light from quinine in 
transparent and colourless tonic water under the sunlight.1 Stokes termed this 
phenomenon as fluorescence.2 The Jablonski diagram illustrates the 
mechanism of photoluminescence, which are fluorescence and 
phosphorescence, shown in Figure 1. 1.3-5 The symbols S0, S1, T1 refer to the 
ground state, first excited singlet state, and first excited triplet state, respectively. 
The singlet state is composed of electron pairs with opposite spin; the states 








Figure 1. 1 Jablonski diagram showing a photon is absorbed (A: Absorption) 
and emitted via a radiative pathway (F: Fluorescence, and P: Phosphorescence) 
and non-radiative pathway (IC: Internal Conversion, and ISC: Intersystem 
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When a light source illuminates fluorescent molecules, the ground-state 
molecules absorb energy and the molecules are excited to a higher energy 
state. The excited electrons release energy and return to the ground state 
through a series of events. First, the excited electrons undergo a transition from 
a higher vibrational to the lowest vibrational state of S1 via vibrational relaxation 
or internal conversion which is a transition from S2 to S1. Both non-radiative 
processes take 10-12 seconds. Once the electron occupies the lowest vibrational 
level, it has few pathways to return to the ground state. A direct transition from 
S1 to S0 takes place via non-radiative decay or radiative pathway. The latter 
process releases energy via emitting light which is called fluorescence. The 
fluorescence wavelength is longer than the absorption wavelength due to the 
energy loss via vibrational relaxation or internal conversion. The wavelength 
difference between the absorption and emission band is known as the Stokes 
shift.  
 
The electron in the lowest vibrational level also undergoes an intersystem 
crossing process to the triplet state. It takes a longer amount of time to return 
from T1 to S0, because this process is forbidden. The light emitted under this 
mechanism is called phosphorescence. 
 
Each type of fluorescent molecule has its own unique spectroscopic properties, 
but sometime it is non-trivial to distinguish two species just by performing the 
analysis of spectra. Some spectra can have different lifetimes. Therefore, the 
fluorescence lifetime of the molecules is the average time in the excited state 
and is an important information. The fluorescence lifetime can be derived from 
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The fluorescence intensity of a fluorophore is related to the efficiency of the 
fluorescence process called the fluorescence quantum yield. The fluorescence 
quantum yield of a fluorophore is the ratio of the number of photons emitted to 










                                                    (1. 2) 
 
where 0τ  is the intrinsic or natural lifetime of a fluorophore. The value of 1≤Φ . 
0τ  is the lifetime it has in absence of a non-radiative pathway, and its definition 





0 =τ                                                                      (1. 3) 
 
Prior to obtaining the extent of the fluorescence decay of a fluorophore, the 
knowledge of how molecules occupy a set of states is necessary. The 








                                                         (1. 4) 
 
where 1N  and 2N  present the number of molecules with energy 1E  and 2E , 
respectively, Bk  is the Boltzmann constant and T  is the absolute temperature. 
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The fluorescence decay is related to the number of molecules populating the 
excited state and to the rate of decay. The change of population of fluorophores 





nrr +−=                                              (1. 5) 
 
where )(tN is the number of electrons in the excited state at time t  after 






= 0)(                                                           (1. 6) 
 
In a time-resolved measurement, the fluorescence intensity is recorded rather 
than the number of excited fluorophores. Generally, their relationship is 






= 0)(                                                              (1. 7) 
 
The photoluminescence mechanism and fluorescence properties are 
irrespective of how the molecules reach the excited states.7 In other words, the 
molecule has no memory of how it gets into the excited state. The ground-state 
molecule absorbs the energy from one photon or multiple photons and 
undergoes a transition to the excited states. Therefore, the long wavelength 
light can still excite the electrons to the excited states. There are some 
requirements on multiphoton absorption. High-intensity excitation light is 
necessary to have measurable results. The probability of the two-photon 
absorption is quadratic of the excited light intensity according to Maria Göppert- 
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Mayer’s work. The schematic for one-photon and multiphoton excitation is 








Figure 1. 2 Fluorescence following one-photon, two-photon and three-photon 
excitation.  
 
The probability of molecules which can be excited via two-photon excitation is 
proportional to the power of the excitation light. Emission intensity is 
proportional to the number of molecules in the excited state. Thus, the relation 
between fluorescence and efficiency of two-photon excitation can be written as 
 
2
exce PI ⋅∝α                                                                     (1. 8) 
 
where eI  is fluorescence intensity, α  is the absorption coefficient, and excP  is 
the excitation power. 
 
Fluorescence is an important characteristic, and it has been widely used in 
everyday life, such as fluorescent lamp, traffic signing, and anti-counterfeiting 
technologies on banknotes and credit card.8 It has become also an important 
tool to study the biological environment when fluorescence is combined with 
microscopy. 
 
One-photon  Two-photon   Three-photon Fluorescence 










 Chapter 1 





Microscopy is a technique to image a specimen within a small scale that only 
can be visualized using a microscope. Microscopy can be classified into optical 
microscopy, electron microscopy, and scanning probe microscopy according to 
visualizing means.  
 
The scanning probe microscope scans the surface of a sample using a probe 
tip. Atomic force microscopy (AFM) and near-field scanning optical microscopy 
(NSOM) are scanning probe microscopes. The electron microscopy image 
samples are illuminated by a beam of electrons, such as transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM). In optical 
microscopy, images of samples are taken using visible light. It includes 
fluorescence microscopy and interference microscopy etc.  
 
Electron microscopy offers a better imaging resolution, but the samples are 
imaged in vacuum. In order to have a high quality image, sample preparation is 
important. The electrical conductivity of the sample is crucial in SEM 
measurements. A coating thin layer of metal materials is needed for poor 
electrical conductivity samples. The specimen for TEM measurements should 
be thin enough to allow transmitting of electrons through the sample to form an 
image. Scanning probe microscopy only can image of surface of cells. However, 
optical microscopy can be used to image live cells and monitor the dynamic 
change of living cells. The study of cells via optical microscopy is therefore 
better than other microscopy. In this section, we focus on optical microscopy. 
 
Optical microscopy has been developed since the 16th century. The Dutch 
spectacle makers Hans Janssen and his son Zacharias invented a compound 
microscope that magnified a small particle through two lenses in a tube.9 Robert 
Hooke published a book called Micrographia which illustrated small insects and  
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cork cells using this microscope in 1665.10 In the 19th century, Ernst Abbe 
described the diffraction theory of a point spread function (PSF) which is a 
response of an imaging system to a point source in a three-dimensional focus 
optical system. It limits the optical resolution. 
 
The important feature of the optical systems is resolution, and there are 
different optical resolutions for each microscopy. The resolution is defined as 
the shortest distance between two point-like objects that can be resolved. It is 
related to the Airy disk and PSF that are limited by the diffraction of light. The 
diffraction pattern of a point object at a microscope image plane is called an Airy 
pattern. The bright region in the centre of Airy pattern is Airy disk which 
describe the best focused spot of light through a circular aperture. A pinhole 
diameter which is before the detection is set to allow the first order of the Airy 
pattern through an aperture to the detector is called 1 Airy unit. An illustration of 
Airy pattern and the limit of resolution are shown in Figure 1. 3. A representative 
PSF for a wide-field and a confocal microscope is shown in Figure 1. 4. The 
intensity around the bright centre reduces in confocal microscopy comparison to 
wide-field microscopy. The lateral and axial PSF of confocal microscopy is 




Figure 1. 3 An illustration of Airy disk, Airy pattern, and the limit of resolution.12 
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Figure 1. 4 An axial PSF for (left) wide-field and (right) confocal microscopy.11  
 







                                                                 (1. 9) 
 
where λ  is the wavelength of the illuminating light, and NA  is the numerical 
aperture of the objective lens. 
 
The lateral ( xyR ) and axial ( zR ) resolution for confocal microscopy can be 














=                                                              (1. 11) 
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where n  is the refractive index of medium between the objective lens and the 
sample, and other symbols are the same as eq. 1.9. Typically, the lateral and 
axial imaging resolution of conventional light microscopy is 200-300 nm and 
500-700 nm, respectively.13  
 
1.3 Fluorescence Microscopy 
1.3.1 Fluorescence Microscopy 
Fluorescence microscopy is a powerful tool in biology, medicine and materials 
sciences, 14 although the resolution of electron microscope is greater than that 
of optical microscopy. However, live cells cannot be measured using the 
electron microscope. The dynamic change of species can be monitored using 
fluorescence microscopy.14-16 A sensor for pH,17-19 ions,20-23 oxygen,24, 25  or 
temperature26, 27 has been developed based on the intrinsic fluorescence 
property of a fluorophore. The discrimination between normal cells and cancer 
cells, 28, 29 the ability of drug delivery and the pathologies such as blood,30 
dental31 and eye32 are noninvasive medicine applications. In addition, 
fluorescence lifetime techniques also apply in other fields, e.g. analysis of 
artwork,33 fluid mechanism,34  forensic science,35  combustion and anti-
counterfeiting technologies.8 Hematoxylin and Eosin (H&E) staining is a 
standard stain for cytoplasm and nuclei in histology. From the shape of 
organelles of a cell, suspected cancer cells can be identified and diagnosis can 
be made.  
 
A short history of the development of fluorescence microscopy: due to the 
finding that the higher resolution results from the shorter wavelength light for the 
optical microscopy according to eq. 1.9, a UV Fluorescence microscope was 
developed by August Köhler. However he noticed longer wavelength light 
emitting from some objects which were illuminated with UV light. In 1911, Oskar 
Heimstädt constructed the first successful fluorescence microscope. Max 
Haitinger and other scientists stained samples with exogenous fluorescent 
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molecules. In 1929, Philipp Ellinger and August Hirt invented an intravital 
microscope which is known as a prototype of an epi-fluorescence microscope. 
A dichromatic mirror was invented and replaced some of the some components 
of the intravital microscope after 40 years.36  
 
In 1959, a confocal scanning microscope was invented and has a better optical 
resolution,37 due to the sample being scanned using a spot of focused light and 
detecting the fluorescence through a pinhole. The pinhole can remove the 
fluorescence from out-of-focus planes, and thus we can get high contrast (and a 
slightly higher resolution according to eq. 1.10) with depth selectivity. However  
confocal microscopy was not widely used for biological application until the 
1980s.38  
 
Confocal microscopy is a powerful fluorescence microscopy technique in 
biological systems as it provides a high axial resolution in depth and the signals 
from the different depth. Out-of-focus light does not reach the detector which 
allows imaging an optical section of samples. A basic scheme of confocal 
microscope is shown in Figure 1. 5. The laser beam is shone through the 
objective lens and illuminates the sample point by point. The fluorescence or 
scattering light are collected through back of the same objective lens, and 
recorded by a photomultiplier tube (PMT) detector. The signals are 
reconstructed with a computer, and a two-dimensional image of a specimen can 
be obtained by moving a sample or using laser scanning technique. It also can 
process a three-dimensional topology of objects by reconstructing two-
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Figure 1. 5 The basic principle of a confocal microscope.11  
 
1.3.2 Super-resolution Microscopy 
Modern microscopy has developed toward super-resolution imaging. For 
example, total internal reflection fluorescence microscopy (TIRFM) employs an 
evanescent wave to excite a limited thickness of 100 nm of samples adjacent to 
the interface between two materials having different refractive indices.39, 40 It 
provides a better resolution in the z-axis. 4Pi microscopy also provides a 
resolution of ~ 100 nm in the axial direction, and it not limited to interfaces. The 
concept is to coherently illuminate samples and collect fluorescence by two 
opposing high NA objective lenses.13, 41 Structured illumination microscopy (SIM) 
employs a structured illumination pattern to observe a higher spatial frequency 
to achieve a better lateral resolution, e.g. the lateral resolution for non-linear 
SIM has been reported to be less than 50 nm.42 Stimulated emission depletion 
(STED) microscopy involves two pulsed lasers. The first laser is used to excite 
fluorescent molecules in focal volume, and the second laser with a doughnut 
shape is used to depopulate the excited state to ground state via stimulated 
emission. It results in a small focused light spot to excite fluorophores and 
provide a lateral resolution of ~20 nm.43 A better lateral resolution of up to 5.8 
nm can be achieved.44 Photoactivatable localization microscopy (PALM) 
achieves 20-50 nm resolution.40, 45 Stochastic optical reconstruction microscopy 
(STORM) provides the lateral and axial resolution of ~30 nm and ~50 nm, 
respectively.46 PALM and STORM use photoswitchable fluorescent molecules  
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that can be switched on and off via light at a wavelength different from the 
imaging light and imaging light, respectively. The centroid position of each 
fluorescent pair can be analyzed via fitting the PSF to a two-dimensional 
Gaussian function. A better resolution can be achieved with these processes,47 
and has recently been applied to living cells.48 A brief comparison of microscopy 
is shown in Table 1. 1. 
 
Table 1. 1 Summary of resolution for different types of microscopy. 
 
  Resolutions 
Optical microscopy 
Wide field Lateral resolution: 200-300 nm 
Confocal  Lateral resolution: 200-300 nm Axial resolution: 500-700 nm13 
TIRF Lateral resolution: 200-300 nm Axial resolution: 100 nm39, 40 
STED Lateral resolution: ~20 nm43 
PALM Lateral resolution: 20-50 nm40, 45 
STORM Lateral resolution: ~30 nm Axial resolution: ~50 nm46 
Electron microscopy TEM 0.05 nm SEM < 1 nm 
Scanning Probe 
microscopy 
AFM Lateral resolution: ~1 nm Vertical resolution: ~0.1 nm49 
NSOM Lateral resolution: 20-50 nm13 
 
There are some other fluorescence techniques based on fluorescence 
microscopy, e.g. fluorescence recovery after photobleaching (FRAP), 
fluorescence correlation spectroscopy (FCS), fluorescence lifetime imaging 
(FLIM), Förster resonance energy transfer (FRET) and fluorescence anisotropy. 
These techniques can provide spatial, spectral, time-resolved or polarization 
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1.3.3 Fluorescence Recovery after Photobleaching (FRAP) 
The translational diffusion property of fluorescent molecules can be measured 
using FRAP. The intensity of fluorescent molecules in a region is monitored 
before and after a short burst of intense illumination bleaching a region 
irreversibly. The bleached molecules are unable to emit light. The fluorescent 
molecules around the bleaching area replace the bleached molecules via 
transitional diffusion. The time when the intensity recovers back to that in the 
beginning is used to determine the diffusion coefficient. A schematic of FRAP 
measurement with monitoring the intensity during the time is shown in Figure 1. 
6. There are four stages, the first is pre-bleaching (1), following bleaching (2), 
recovery process (3) and then completed by the recovery process (4). The 
corresponding intensity 1F , 0F  and ∞F  are before bleaching, at bleaching 
moment, and at reaching equilibrium stage, respectively. From a FRAP curve, 





































Figure 1. 6 An illustration of a typical FRAP experiment and the fluorescence 
intensity versus time. (1) denotes the pre-bleach intensity, (2) for bleaching, (3) 
for recovery process, and (4) reach a stabilized intensity. 
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The translational diffusion coefficient transD , can be calculated using the 









=                                                       (1. 12) 
 
where w  is the radius of the bleached area and 2/1τ  is the recovery half-time 
which is the time required for the intensity reaching half of the stabilized 
intensity. The diffusion time, Dτ , can be analyzed from the FRAP curve by fitting 
an exponential function.52  
 
CeAtI Dt +−⋅= − )1()( /τ                                                                (1. 13) 
 
where I  is the fluorescence intensity, C  is the first intensity measured after 
bleaching, and A  is the stabilized intensity minus the value of C . In other words, 
C  is 0F  and A  is 0FF −∞  in Figure 1. 6. The translational diffusion coefficient 








                                                               
(1. 14) 
 
1.3.4 Fluorescence Correlation Spectroscopy (FCS) 
Fluorescence correlation spectroscopy measures fluctuations in fluorescence 
within a small focal volume. The intensity fluctuations result from the diffusion of 
fluorescent molecules in and out of the focal volume, chemical reaction kinetics 
varying the mobility or conformational change of macromolecules causing the 
different intensities.53, 54 It has been used to study the concentrations,  
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interactions and internal dynamics of molecules at nanomolar concentrations in 








Figure 1. 7 Schematic of FCS measurement. The focus light (blue) excites the 
fluorescent molecules (green) in an observation focal volume (yellow). The 
black points denote the non-excited fluorescent molecules. 
 
The translational diffusion of molecules can be analyzed from the normalized 
autocorrelation function, )(τG , which is related to the fluorescence intensity I  













tItIG τδδττ                    (1. 15) 
 
where >< I  is the mean value, and )(tIδ  and )( τδ +tI  are fluorescence 
intensity fluctuations at a time t  and τ+t  respectively.  
 
Many processes take place at different time scales, such as triplet state 
transitions, different types of diffusion motion, and thus the knowledge of time 
scales of processes is needed to carefully interpret the autocorrelation curve.57   
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1.3.5 Fluorescence Lifetime Imaging (FLIM) 
FLIM is a technique used to form an image based on the fluorescence lifetime 
of fluorophores. Each pixel of an image contains a fluorescence decay of 
fluorescent molecules. The fluorescence lifetime can be analyzed by fitting the 
decay to an exponential function. In addition, the integration of decay denotes 
the fluorescence intensity. 
 
An example of a fluorescence lifetime image is processed via SPCImage shown 
in Figure 1. 8. The left top panel denotes the fluorescence intensity image, and 
shows how the fluorophore is distributed. The brighter regions present more 
fluorescence. The middle top image is FLIM. The shorter fluorescence lifetime 
of the fluorescent molecule is in blue and the longer lifetime is in red. A colour 
scale is related to the fluorescence lifetime, shown in the right top panel. The 
bottom panel shows the fluorescence decay and the fitting result in the cross of 




Figure 1. 8 FLIM of BODIPY-C12 in HeLa cells measured at 37°C. The 
excitation wavelength is 467 nm with a repetition rate of 20 MHz. The 
fluorescence spectrum is detected from 506 to 534 nm. 
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1.3.6 Förster Resonance Energy Transfer (FRET) 
FRET is a phenomenon of energy transfer from one molecule to another 
molecule. It only occurs when the distance between two molecules is less than 
10 nm, and the emission spectrum of a donor overlaps the absorption spectrum 
of an acceptor shown in Figure 1. 9. The donor, the excited molecule, transfers 
energy to the acceptor via non-radiative pathway. There are some important 
features, which is the efficiency of FRET and the Förster radius. The Förster 
radius is the distance when the probability of energy transfer reaches 50%. The 
FRET efficiency, FRETE , is related to the separation of the pair of molecules r  

















                                              (1. 16) 
 
where 0R  is the Förster radius, and  iτ  and aτ  is the fluorescence lifetime of 
the donor with and without a FRET acceptor. The effect is named after Theodor 
Förster who described and published it in 1946.59 
 














Figure 1. 9 A schematic of FRET. The excited donor emits green light, and (a) 
no FRET occurs. (b) When the distance between the donor and the acceptor is 
close, FRET happens. (c) An overlapping of donor emission spectrum and the 
acceptor absorption. 
 
Acceptor   Donor 
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1.3.7 Fluorescence Anisotropy 
1.3.7.1 Fluorescence anisotropy 
The concept of fluorescence anisotropy measurement is to use polarized light to 
excite a fluorophore, and measure the difference between two orthogonal 
polarizing fluorescence decays. The emitted fluorescence is anisotropic, 
because rotational diffusion is the dominant mechanism of fluorescence 
depolarization,60 that means a different intensity in the different polarization 
directions. The constituent of fluorescence intensity are parallel and 
perpendicular polarizations based on the electric vector of the incident beam, 
and its symbolizations are denoted as ||I  and ⊥I , respectively. The fluorescence 
lifetime of a fluorophore is not influenced by the rotational diffusion of the 
fluorophore. The schematic diagram of fluorescence anisotropy measurements 
in L-format and collinear setups is shown in Figure 1.10. 
 
Fluorescence anisotropy includes steady-state anisotropy and time-resolved 
anisotropy. From fluorescence anisotropy measurement, the size, the mobility 
rigidity, the shape of molecules and the environment can be measured.1, 60 The 
range of the rotational correlation time that can be resolved in relation to the 
fluorescence lifetime, is generally between 0.1 and 10 times the fluorescence 
lifetime.61, 62  
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Figure 1.10 The sketch for different polarized excitations of fluorescence 
polarization measurement in (a, b) L-format setup and in (c, d) collinear setup.  
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=                                                   (1. 18) 
 
where r  is anisotropy, G  is the correction factor for different transmission and 
detection efficiencies in the parallel and the perpendicular polarizations. The 
denominator of the anisotropy expression is the total fluorescence intensity. A 
rotational mobility scheme of a molecule tagged with green fluorescent protein 
(GFP) is shown in Figure 1.11.16 The red curves in the fluorescence decay and 
the time-resolved fluorescence anisotropy show the behaviour of the molecule  
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with a slow rotational diffusion. The molecule with fast rotational diffusion is 




Figure 1.11 The schematic diagram of time-resolved fluorescence anisotropy of 
GFP-molecule.16 The red and blue lines describe the behaviour of slow and fast 
rotation in fluorescence intensity and anisotropy decays. 
 
The time-resolved fluorescence anisotropy decay for a freely rotating spherical 






= 0)(                                                                (1. 19) 
 
where 0r  is the initial anisotropy at time 0=t , and θ  is the rotational correlation 






θ)()( 0                                                (1. 20) 
 
Here the limiting anisotropy ∞r  is defined as the anisotropy at ∞=t  with a 
nonzero value indicating the barrier to rotation.  
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The excitation probability for a fluorophore depends on the angle between the 
polarization of light and the absorption dipole moment of the molecule. The 
range of 0r  is associated with the probability. The absorption dipole moment of 
molecules is parallel to the polarization of light, so the excitation process occurs. 
There is no excitation happening if the absorption dipole of the molecule is 
perpendicular to the polarization of the light. The preference of molecules for 
excitation is called photoselection (see Figure 1.12), and its probability of 
excitation, p , is written as63 
 
αα sincos2 ⋅= iip                                                       (1. 21) 
 
Here, the angle between the excitation light and the absorption dipole moment 





Figure 1.12 Orientation distribution of the excited state molecules for one-, two- 
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The steady-state fluorescence anisotropy for fluorophores with a parallel 
absorption and emission dipoles and random orientation in the ground state is 







3( 2 −><= αr                                                           (1. 22) 
 
where α  is the oriented dipole angle between the excited light and absorption 
dipole moment of a fluorophore. The value of r can be 1 for a single molecule 
according to eq. 1.22. In practice, the anisotropy for an ensemble of 
fluorophores in a homogeneous solution is less than 1.  
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The angle between the absorption transition dipole moment and the emission 
transition moments is given β .  
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When the polarized fluorescence measurements are implemented via a 
confocal microscope, the depolarization occurs due to the NA of the objective 
lens.66-71  
 
The initial anisotropy of a fluorescent molecule without the instrumental 















r                                               (1. 25) 
 
The maximum initial anisotropy for one-photon excitation is thus 0.4, and 0.57 
for two-photon excitation process.  
 
The Perrin equation is used to describe the depolarization due to the rotational 








6110 +=+=                                              (1. 26) 
 
where 
rotD  is the rotational diffusion coefficient and r  is the steady-state 
anisotropy.  When fτθ >> occurs, the value of the steady-state anisotropy is 
very close to that of the initial anisotropy. However, the value of r is close to 
zero at the case of fτθ << . 
 
1.3.7.3 G-factor 
The G factor for eq. 1.17 and eq. 1.18 is dependent on the geometry of the 
experiment. In the L-format setup, the G factor can be decided by the following  
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method. When the incident light is horizontally polarized, the emission 
fluorescence intensity in the horizontally and vertically polarized components is 
detected, which are both perpendicular to the excited light as shown in Figure 
1.10. The intensity of the vertical polarization divided by the intensity of the 
horizontal direction results in the value of G. If the anisotropy measurement is 
obtained using a microscope, the geometry of the excited light and fluorescence 


















=                                         (1. 27) 
 
where B is the background intensity.  
 
1.4 Probes 
There are a few categories of probes developed for biological applications, and 
they are fluorescent proteins, quantum dots (QDs), fluorescent dyes, 
nanodiamonds and nanoparticles, e.g. gold nanoshells.73  
 
1.4.1 Fluorescent Protein 
For the discovery and development of green fluorescent protein (GFP), Osamu 
Shimomura, Martin Chalfie and Roger Y. Tsien were awarded the Nobel Prize 
in Chemistry in 2008. GFP consists of 238 amino acids residues (27 kDa), and 
its barrel structure protects from fluorescence quenching from solvent 
molecules as shown in Figure 1.13. GFP has been used in biological processes, 
such as a FRET probe for monitoring protein interaction74, 75 and as a gene 
expression marker.76 Moreover, fluorescent proteins have been used as 
sensors for refractive index77, 78 and membrane potential.79 GFP is less 
phototoxic than some small fluorescent dyes, such as fluorescein 
isothiocyanate (FITC) in live cells.80 In addition, GFP can be expressed in  
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specific proteins or organisms via genetic engineering. GFP has been widely 




Figure 1.13 The structure of GFP. -sheet structure of protein is shown in green, 
α-helices in blue and the fluorophore is approximately in the centre of a 
cylinder.85 
 
1.4.2 Quantum Dots 
QDs are semiconductor materials with typical nanometres size.86 The 
advantages are that the emission wavelength can be tuned by changing the 
size and shape of QDs. The photostability of QDs has been improved so they 
can be used in cell imaging.87, 88 However, the drawbacks are blinking for single 
particle tracking experiments and toxicity to cells.89 A modification on the 
surface of QDs may decrease the toxicity. The modification of QDs has also 
been used in bioprobes, biosensors and assays via FRET technique.86 
 
1.4.3 Fluorescent Dye 
Generally, the structure of fluorescent dyes consists of aromatic rings. More 
fluorescent molecules have been developed by modifying the molecular 
structure causing different absorption and emission spectra. The dyes can be 
excited from UV to infrared red with emission in this wavelength region, 
covering more than visible wavelength. The size of fluorescent dyes is small, for 
example fluorescein has a radius of 0.5 nm.90, 91 The fluorescent properties of  
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typical dyes are summarized in Figure 1.14.92 The brightness of dyes depends 
on the ability of absorption and emission, defined as the multiplication of the 
extinction coefficient and fluorescence quantum yield. Dyes can be excited in 
the region of the wavelength shown in the coloured-scale x-axis of Figure 1.14. 
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Figure 1.14 The brightness of major fluorescent dyes versus the main 
absorption wavelength, and the corresponding emission wavelength illustrated 
in the colour of the molecular structure.92  
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1.4.3.1 Fluorescent Molecular Rotors 
A Fluorescent molecular rotor is a type of fluorescent dyes. It is very unique in 
that — its quantum yield and fluorescence lifetime is a function of viscosity. This 
is due to the ability of the fluorescent molecular rotor to twist in the excited state. 
The nonradiative rate of fluorescence varies with the intramolecular twisting 
angle resulting in different quantum yields.93, 94 Fluorescent molecular rotors 
have been used to monitor viscosity of environments, e.g. in polymers or living 
cells. Moreover, fluorescent molecular rotors have been modified to create 
photolockable ratiometric viscosity sensitivity rotors.95 The viscosity-sensitive 
behaviour of the fluorescent molecular rotors is activated and deactivated by 
illuminated UV light to change the conformation of the molecules. This 
fluorophore may be a candidate that can be applied in high-resolution 
microscopy.  
 
A molecular rotor contains a part of it rotating against another part of the 
molecule.96 A fluorescent molecular rotor is made up three subunits, an electron 
donor, an electron acceptor and a single bond connected to two subunits.97 The 
typical representations are shown in Figure 1.15, e.g. 4-(Dicyanovinyl)Julolidine 
(DCVJ), 4,4-dimethylaminobenzonitrile (DMABN), p-(dimethylamino) 
stilbazolium (p-DASPMI) and Thioflavin T,a boron dipyrromethene (BODIPY) 
derivative.97-101 In Figure 1.15, the blue region has e- rich and the electron 
acceptor is shown in red. The rotation occurs in the position of arrows.   
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Figure 1.15 The molecular structure for typical fluorescent molecular rotors, for 
example, (a) DCVJ, (b) DMABN, (c) p-DASPMI, (d) BODIPY derivative,100 and 
an adapted image of (e) Thioflavin T.102 The electron donor is shown in blue, 
the acceptor in red and the arrow denotes the twisting position. 
 
It has been reported that solvent viscosity is an important factor to affect the 
quantum yield and lifetime of a fluorescent molecular rotor.94, 103 Viscosity is the 
resistance in the flow of a fluid. It can be described using two ways. The first 
description is called absolute viscosity or dynamic viscosity, and the unit is 
Pascal second (Pa ⋅ s) or centipoises (cP). It is determined as the ratio of the 





⋅=η                                                                (1. 28) 
 
where η  represents viscosity, F  is shearing force, A  is the area of region 
under the shearing force, v∆  represents the variation of velocity of fluid and y  
is the distance between the fluid layers.  
 
The second definition of viscosity is named kinematic viscosity, kinη , and its 
common unit is mm2/s or centistokes (cSt). It is defined as the ratio of the 
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ηη =                                                                   (1. 29) 
 
where d  is the density of a fluid. 
 
Viscosity can also be classified into microviscosity and macroviscosity which 
depends on the scale between a probe and its environment. Microviscosity is 
the viscosity that is measured in the interior of the bulk solvent104 at the 
micrometer length scale. On the other hand, the bulk viscosity is the 
measurement of a large-scale probe. 
 
The ability to twist and the extent of twisting for fluorescent molecular rotors are 
affected by the ambient media, e.g. the charged dipole of a fluorescent 
molecule is reoriented by the solvent molecules, and the steric hindrance 
influences the nonradiative process. The mechanism promotes the fluorescent 
molecular rotors as viscosity probes. 
 
1.4.3.2 Polarity Sensors 
The fluorescent molecules with intramolecular twisting motion, can sense not 
only a variation of viscosity, but also the polarity of environment. The typical 
molecules are cyanines,105 rhodamine 800,106 etc, all of which display 
fluorescence lifetime increases after binding to protein. The lifetime and 
emission spectral shift are due to the variation of dipole moment of dyes. This 
fluorescence behaviour promotes the development of lifetime polarity probes.107 
Polarity is a characteristic of a molecule, and it is described as the electronic 
dipole moment due to the distribution of electronic charge. 
 
A brief comparison of fluorescent materials is shown in Table 1. 2. Each 
fluorescent molecule has the advantage and disadvantage depending on the  
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usage. For example, blinking effect reduces the probability of FRET 
processes,108 however, PALM or STORM use blinking phenomena to form a 
high-resolution image. 
 
Table 1. 2 Summary of general fluorescent probes. 
 




Size small big big small 
Blinking     
Fluorescence 
stability     
 
1.5 Viscosity of Cell Environments 
The viscosity of a cell is an interesting and important property. Metabolism, 
protein-protein interaction and dynamic processes in biological systems are 
influenced by viscosity. The increasing viscosity during photo-induced cell death 
has been reported.109 The membrane viscosity is associated with many 
diseases, e.g. Alzheimer’s disease.110-113 The viscosity of blood vessels 
changes the behaviour of red blood cells (RBCs). The abnormal aggregation of 
RBCs is associated with many diseases, e.g. Acquired Immune Deficiency 
Syndrome (AIDS), myeloma, diabetes mellitus and deep venous thrombosis.114  
 
1.5.1 Ways to Measure Viscosity 
There are many methods to measure the viscosity of the environment, the 
mechanical ways and fluorescence techniques. The mechanical method 
includes rheometry to measure the morphology change by applying a physical 
force. Optical tweezers have been used to yield the apparent viscosity of a cell 
membrane by measuring the recovery after deformation.115, 116 However it is a 
whole cellular reaction. The obtained viscosity is an average behaviour, and the 
intracellular viscosity distribution could not be revealed. In addition, the 
displacement of micrometer-size beads confined by optical tweezers is used to 
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monitor the Brownian motion of a particle, and to calculate the viscosity of a 
medium.117 Fluorescence-based methods have been used to measure viscosity, 
such as fluorescence anisotropy, FRAP, FCS and particle tracking. The 
viscosity can be converted from the translational diffusion coefficient of 
fluorophore via FRAP measurement. The viscosity obtained by this method 
provides an average for the bleaching area environment. The size of bleaching 
spot is the limitation of spatial resolution in FRAP measurement. FCS and 
particle tracking also show the translational diffusion of molecules in a local 
environment. The combination of fluorescence cross-correlation spectroscopy 
(FCCS) and imaging total internal reflection is a promising technique to 
measure the dynamics over an area, e.g. cell membranes.118 In addition, the 
rotational correlation time of a fluorescent molecule can be measured from the 
fluorescence anisotropy measurement and yield the viscosity over an area 
within the optical resolution limit.90 
 
Since it was found that the quantum yield of fluorescent molecular rotors varies 
with viscosity, a viscosity sensor has been developed based on this concept. 
There are two strategies to measure the viscosity of the cell environments using 
fluorescent molecular rotors, and the starting points are emission intensity and 
the fluorescence lifetime.  
 
In general, the fluorescence intensity is proportional to the concentration of 
fluorophores. The emission intensity of a fluorescent molecular rotor is related 
to the viscosity of the environment. Hence, it is difficult to discriminate between 
the concentration effect and viscosity effect when the fluorescent molecular 
rotors are applied in unknown systems. Therefore, the ratiometric principle has 
been developed to correct the concentration effect,119 but this could not deal 
with heterogeneity, i.e. multi-exponential decays. Also, the calibration has to be 
done on the same camera due to a variation of detection sensitivities at different 
wavelengths. It may be problematic to measure the viscosity of cells in the 
following case. If one of emission bands is in the range of cells  
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autofluorescence, then the ratiometric method is not a good method. It is 
because the autofluorescence signal influences the intensity ratio of two 
emission peaks. Recently, Peng and his co-workers reported a fluorescent 
molecular rotor to measure intracellular viscosity base on ratiometric and FLIM 
concepts. The probe is excited via two-photon process in order to avoid an 
interference emission intensity of dye by autofluorescence of cells.120  
 
1.5.2 Viscosity of Cytoplasm 
The viscosity of cell environments has been studied. The viscosity of cytoplasm 
is similar to that of free water, and varies with the different cells.121-124 The 
microscopic or macroscopic viscosity can be measured depending on the size 
of probes in the environment. It has been suggested that the viscosity 
measured by diffusion methods is influenced by the concentration and the size 
of the probe.124 The microscopic viscosity of cytoplasm is approximately 2 cP 
for HeLa and 0.88 cP for Embryonic Swiss Mouse Fibroblast (3T3) cells using 
small sized probes.124 The macroscopic viscosities of cytoplasm for HeLa and 
3T3 cells are 44 and 24 cP, respectively.124  
 
1.5.3 Viscosity of Synthetic Membrane 
Cell membranes consist of lipid, proteins and membrane rafts with different 
mobilities. To obtain the viscosity of cell membranes, the artificial liposome has 
been employed to mimic the viscosity using fluorescent molecular rotors and 
compare the results from FRAP measurement.125 The viscosity of 
dipalmitoylphosphatidylcholine (DPPC) liposomes was found to be 94 cP at 
25°C by Kung and Reed.126 However a range of microviscosity has been 
reported between 30 and 1000 cP.126 Nipper and his co-workers reported a 
study of the liposome model and its response to propanol using the ratiometric 
molecular rotor.127 The membrane viscosity of dilauroylphosphatidylcholine 
(DLPC) liposomes is 61 cP, and decreases when propanol inserts into the 
membrane. It results in the separation of the lipids and increasing a local free  
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volume. The increase of free volume around the fluorescent molecular rotors 
would lead a lower viscosity.  
 
It has been demonstrated that the viscosity of intracellular vesicles is 160 cP for 
Human ovary adenocarcinoma (SK-OV-3) using BODIPY-C12 via FLIM, 60 cP 
via time-resolved fluorescence anisotropy measurement.100, 128 It seems that the 
punctate viscosities for SK-OV-3 and Chinese hamster ovary (CHO) cells are in 
the same order of magnitude.109, 129 A brief comparison of intracellular viscosity 
and viscosity of related cell systems are given in Table 1. 3. 
 
Table 1. 3 An overview of cell viscosity and synthesised membrane viscosity. 
 
 Viscosity Temperature (°C) Methodology Ref. 
Cytoplasm 
10-13 cP for Madin-
Darby canine kidney 
Epithelial cells 
















2.1-2.5 cP for sea 










0.96 cP for Female 
Rat Kangaroo Kidney 
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7-18 cP for DB1X rat 
embryonic thoracic 









0.9 cP for HeLa 




44 cP for HeLa 
24 cP for 3T3 
37 FCS 124 
Synthetic 
Membrane 
94 cP for DPPC 
vesicles 
6.9 cP for SDS 
micelles 
25 lifetime 126 
120-70 cP for DPPC 
vesicles 10-60 lifetime 
126
 









































1.6 Thesis Outline 
In this thesis, fluorescence techniques have been employed to study the 
viscosity of the intracellular environment. The overview of fluorescence, the 
fluorescent probe and the study of intracellular viscosity have been described. 
Next, a description of instruments and the theories are described in Chapter 2. 
In the following Chapters 3 and 4, the viscosities of environments are measured 
using a meso-substituted BODIPY-C12 as a fluorescent molecular rotor via the  
 Chapter 1 




fluorescence lifetime and the rotational correlation time. The locations of 
BODIPY-C12 in cells were also identified by counterstaining experiments. It may 
provide useful information for studying the organelle of interest. A further study 
of BODIPY-C12 shows a dip-and–rise curve in the time-resolved fluorescence 
anisotropy decay. The dipole moment of fluorescent molecules can be obtained 
from the photophysical characteristics. In Chapter 5, we use an advanced 
model to describe the transition dipole moment of fluorophores. It provides 
another way to explore the transition dipole moment. Finally, in Chapter 6 
conclusions were drawn based on the results and followed by discussion of 
further studies. 








Instrumentation and Theoretical Framework 
 
2.1 Introduction 
The photophysical properties of fluorophores can be obtained from 
spectroscopic measurements. Absorption and emission spectrometers are used 
to carry out the steady-state spectroscopy of fluorophores. Time-resolved 
fluorescence decays are measured via scanning confocal microscopy coupled 
with time-correlated single photon counting (TCSPC). The fluorescence lifetime 
can reveal the environment around a probe. The rotational correlation time can 
be measured via time-resolved fluorescence anisotropy measurements. The 




UV/Vis absorption (Hitachi, U-4100) and luminescence (Perkin-Elmer, LS-50B) 
spectrometers are used to determine the quantum yield of a fluorophore. A 
refractometer (ABBE 60 Series, Bellingham + Stanley Limited) is used to 
measure the refractive index of solutions. The time-resolved fluorescence 
measurements are carried out by the inverted confocal scanning microscope 
(Leica, TCS SP2) combined with a TCSPC-module (Becker & Hickl, SPC-830), 
two types of detectors (Becker & Hickl, PMC-100 photomultipliers or HPM-100-









2.2.1 Absorption and Emission Spectroscopy 
The sample solution is placed in a cuvette. The absorption of light by molecules 




IOD ε== )(log 010                                                      (2. 1) 
 
where OD  is optical density, 0I  and I  mean the light intensity of before and 
after passing through the sample with the concentration of c , ε  is the extinction 
coefficient of the solute in the solvent which is a measure of the probability that 
a photon is absorbed, and l  is the path length of the light through the sample.  
The information of the excited state of a fluorophore adjacent to the solvent 
molecules can be studied by absorption spectroscopy.   
 
The emission spectrum of a fluorophore is associated with the solvent 
interaction and the ground state. A fluorophore reaches an equilibrium state in 
the excited state prior to transit to the ground state. According to Kasha’s rule, 
the emission spectrum is typically independent of the excitation wavelength. 
The emission spectrum can reveal how many excited states a fluorophore has.  
 
2.2.2 Confocal Microscope 
In our lab, we use a Leica TCS SP2 confocal scanning microscope, and the 
schematic diagram is shown in Figure 2. 1. The continuous wave Argon Ion 
laser is used to excite samples and the excitation wavelengths are 458 nm, 476 
nm, 488 nm and 514 nm. It also has two external laser inputs, the IR or UV 
ports, and an external port for detection which allows us to do the time-resolved 
fluorescence experiments by detecting the fluorescence with time-resolved 
detectors. Before the laser beam is focused on a sample through an objective 
lens, it is reflected by a dichroic mirror and scanning mirrors to perform a plane  
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scan of a sample. The optical image of samples is recorded using a detector 
under the sample. The fluorescence signal passes through the same objective 
lens, optical elements, a monochromator separating the wavelength of signal, a 
slit and is detected via an analogue detector (internal photomultiplier). In our 
setup, a pulsed diode laser is shone through the UV port, and the light from a 
Ti:Sapphire laser is shone through the IR port into the scanhead of the 
microscope. The external detectors for time-resolved measurements are PMT, 
single-photon avalanche diode (SPAD) or hybrid PMT detectors. Brief 





Figure 2. 1 Schematic of a Leica TCS SP2 confocal scanning microscope.134 
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2.2.3.1 TCSPC principle 
A fluorescence lifetime measurement can be measured in the time domain. In 
this work, the fluorescence lifetime measurements are carried out in the time 
domain. There are two ways to collect the fluorescence signal in the time 
domain, time gating and TCSPC, and a pulsed light source is used in both 
methods. Here we use the TCSPC technique to conduct the fluorescence 
lifetime measurements. This measurement is to detect the arrival time of a 
single photon arriving on the detector within the time duration of the time to 
amplitude converter (TAC) window, and then a plot of the number of photons 
versus the arrival time can be used to determine the fluorescence lifetime of a 
fluorophore shown as in Figure 2. 2. However, the limitation of the fluorescence 
lifetimes that can be measured is dependent on the instrument response 
function (IRF), the repetition rate of a pulsed laser and TAC window. A detail of 




Figure 2. 2 Principle of the TCSPC technique.135  
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The probability of photon arriving on a detector in a fixed interval time follows 








                                                                  (2. 2) 
 
where nP  is the probability of detecting n  photons per unit time, and µ  is the 
average number of the emitted photons per unit time. The photons hit the 
photocathode, and then produce m  photoelectrons. The probability, mP , of m  
photoelectrons can be successful excited can be described by binomial 
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where q  is the quantum efficiency of the photocathode. Hence, the probability 
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This is also a Poisson distribution, and for small µq , the detection probability is 









2.2.3.3 TCSPC Instrumentation 
The schematic of classic TCSPC detection is illustrated in Figure 2. 3.138 A 
single photon arrives on the detector, and it produces a pulse. Because the 
amplitude gained in the detector is random which means the timing of the 
pulses can be biased, the function of a Constant Fraction Discriminator (CFD) is 
to threshold the photon signal and eliminate pulse height dependent timing. The 
other CFD is to obtain the timing reference pulse from the laser. Then both 
pulses signals pass to the TAC. It measures the time of the photon arriving at 
the detector. The pulse signal form the excitation source is to switch on a 
current to charge a capacitor, and the pulse from the detector arriving at TAC to 
switch off the current. The charging time results in the proportional charge of a 
capacitor. The charge of a capacitor converts to the voltage and finally passes 
through Biased Amplifier (AMP) to amplify the signal. The signal reaches 
Analog to Digital Converter (ADC) converting to digital time information of the 
photons arriving. 
   
The maximum signal can be produced via TCSPC is related to the dead time of 
electronics and pile-up of signals.139 It is briefly described below. 
 
 
















































2.2.3.3 Dead Time 
Dead time is the time for a detector and electronics to process a photon event, 
and no further photon can be recorded during the time.138 It decreases the 
probability that a photon can be detected via TCSPC, and therefore it takes a 
longer acquisition time to collect enough counts. 
 
2.2.3.4 Pile-up 
TCSPC is based on a detection of one photon per excitation cycle. More than 
one photon arriving in a detector in a single period, only one photon is detected 
and others cannot be recorded. It causes a distortion of the fluorescence decay. 
The solution to avoid the pile-up effect is decreasing the detection rate, and a 
suggested count rate is less than 1% of the pulse repetition rate so that eq. 2.4 
is linear.135 Another method to reduce the pile-up effect is to detect photons at 
the same time via a multichannel detector.135   
 
2.2.3.5 Lifetime 
The fluorescence decay recorded using a detector is not the actual 
fluorescence decay of a fluorophore, because the IRF is influencing the actual 
fluorescence decay. A detailed description of an IRF will be described in the 
next section. A convolution of the actual fluorescence decay F , and the IRF I , 




                                                                   (2. 5) 
 
The actual fluorescence decay is described by a monoexponential or 
multiexponential decay function. SPCImage (Version 3.2.3.0, Becker & Hickl) 
and TRI2 (Version 2.3.9.1, Gray Institute for Radiation Oncology & Biology)141 
software, we use them to determine the fluorescence lifetime of a fluorophore 
by comparison of the experimental fluorescence decay and a convolution of an  
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exponential function and IRF. The lifetime is decided from the exponential 
function with the best fit. In SPCImage software, the IRF can be found either 
from the rising edge of any fluorescence decay or by measuring an extremely 
fast lifetime sample. 
 
The goodness of fit is decided by the value of 2
r
















χ                                             (2. 6) 
 
where N  is the number of the data points, p  is the number of the variable fit 
parameters, and id  and if  are the data and the fit value at the i -th time point. 
The best fit of data is that the value of 12 =
r
χ , and the residuals are randomly 
distributed around zero. 
 
To get accurate fluorescence lifetimes, some issues need to be addressed. The 
time-resolved measurements may be distorted by the wavelength sensitivity of 
the detector. It is better to use the fast fluorescence decay sample which has 
the same range of emission wavelength as the dye we used in this thesis.142 
The emission spectrum of DCVJ (Invitrogen) is shown in Figure 2. 4. The 
fluorescence lifetime of DCVJ in methanol is less than 10 ps.129, 143 Due to the 
extremely short lifetime, shorter than the IRF, the recorded fluorescence signal 
is the IRF. For this reason, DCVJ dissolved in methanol was used to measure 
the IRF. The FWHM was 227 ps for the hybrid PMT detector and 278 ps for the 
PMT detector using the diode laser. 
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Figure 2. 4 Normalized absorption (grey solid line) and emission (grey dashed 
line) spectra of DCVJ (the concentration is ~ 8 µM). The black solid line and 
black dashed line are absorption and emission spectra of 9-(2-carboxy-2-
cyanovinyl)julolidine (CCVJ).129 
 
2.2.4 Detectors for Time-Resolved Fluorescence Measurements 
The detectors for performing the single photon counting measurements are 
PMT (Becker & Hickl PMC-100, based on a HAMAMATSU H5773P-01 
photomultiplier), SPAD (Id Quantique ID-100), and hybrid PMT detectors 
(Becker & Hickl HPM-100-40, based on a HAMAMATSU R10467U-40 
photomultiplier). Each detector has disadvantages and advantages.  
 
The limitation of fluorescence lifetime can be discriminated down to 10% of the 
full width at half maximum (FWHM) of the IRF.136, 138 The IRF for PMT detectors 
is influenced by the transit-time spread of the detector. In addition, the ion 
molecules in the vacuum chamber of a PMT detector induce the afterpulsing 
phenomenon. Therefore, the signal induced noise exists in fluorescence decay 
via TCSPC technique. A SPAD detector has a narrow FWHM of the IRF and 
low noise background. The time resolution of some SPAD detectors and the 
detection efficiency are related on the focus position of fluorescence signals on 
the active area of a SPAD detector.144 Due to the small active area of SPAD 
detector, it is difficult to align a SPAD detector compared to a PMT detector. A 
more recent detector, a hybrid PMT detector, has the advantage of PMT and  
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SPAD detectors.145 The width of the IRF in SPAD and hybrid PMT detectors is 
given by charge carrier diffusion. 
 
Here, a comparison of the IRF using a diode laser for 3 detectors is shown in 
Figure 2. 5. A pulsed laser with a duration time of 90 ps was used to excite 
DCVJ in methanol. In order to compare the FWHM of the IRF, the IRF for 3 
detectors was normalized. The FWHM of the IRF for the PMT detector was 248 
ps, the hybrid PMT detector was 218 ps, and the SPAD detector was 154 ps. 
The broadest FWHM is found for the PMT detector, and moreover it has an 
extra pulse after the main peak. It was found that the hybrid PMT and SPAD 
detectors have no afterpulsing. However, the SPAD detector has a charge 
carrier diffusion tail. 
 
The FWHM of the IRF,
 
instrt∆ , is dependent on a pulse width of a laser, opt∆ , and 
the electronic process time on a detector.140  
 
2222
transjitteropinstr tttt ∆+∆+∆=∆                                     (2. 7) 
 
where jittert∆  is the electronic jitter, and transt∆  is the signal transit time of 
detector.  
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Figure 2. 5 The IRF of the hybrid (grey), the SPAD (black) and the PMT (light 
grey) detectors. (a) The IRF profile and (b) the tail of the IRF in the time range 
of 14.2-18 ns. A band-pass filter at 514 nm was placed before the detector to 
allow fluorescence of DCVJ in methanol excited using a laser at the wavelength 
of 467 nm with a repetition rate of 10 MHz and a pulse width of 90 ps. 
 
We illustrate a brief comparison of fluorescence decay of Rh123 in 
methanol/glycerol mixture with 25% V/V glycerol detected using the PMT and 
the hybrid PMT detector that are used in this research simultaneously, shown in 
Figure 2. 6. The position of a non-polarizing beamsplitter cube (Edmund, NT47-
121) was aligned until the same fluorescence decays recorded via two PMT 
detectors occur simultaneously. In other words, the fluorescence signal is split 
into two beams with equal amount of photons. The next step is to employ a 































Figure 2. 6 The fluorescence decay of Rh123 measured simultaneously by a 
hybrid PMT (grey) and a PMT (black) detector. The excitation wavelength is 467 
nm with a repetition rate of 10 MHz, and the emission is 506-594 nm.  
 
The quantum efficiency, QE  , of a detector is the ratio of the numbers photons 
emitted from the photocathode versus the number of photons hit the 
photocathode, and it can be calculated using this equation.146  
 
λ
SQE ⋅= 1240                                                                (2. 8) 
 
where S  is the cathode radiant sensitivity at the wavelength of λ , and the 
corresponding units are amperes per watt (A/W) and nm, respectively. The 
spectral cathode radiant sensitivity of the PMT detector is illustrated in Figure 2. 
7. 
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Figure 2. 7 The cathode radiant sensitivity of PMT detector (H5773, 
Hamamatsu), and the characteristic of our detector is the 01-type curve.147 
 
From the decays (Figure 2. 6), there are more photons distributed in the 
fluorescence decay using the hybrid PMT detector rather than the PMT detector. 
By integrating the intensity below the decay curves (see Figure 2. 6), it was 
found that the total number of photons for the hybrid PMT detector is 5.29 times 
larger than that for the PMT detector. A quantum efficiency of 48.6-54% for the 
hybrid PMT detector at 500 nm has been measured by the manufacturer.148 The 
quantum efficiency of the PMT detector is calculated using the sensitivity of the 
cathode of 01-type in Figure 2. 7 of ~ 41mA/W at 500 nm is fed into eq. 2.8. It 
was found to be approximately 10% at 500 nm.147 The quantum efficiency 
calculated from the results in Figure 2. 6 is 54%/5.29=10.2%. Therefore, the 
quantum efficiency measured is very close to that reported from the supplier. 
Hence, the hybrid PMT detector is better than the PMT detector for TCSPC 
measurements. Also, it has been reported that the afterpulsing of detector 
produces signal induced noise, and therefore it results in a decrease of the 









In order to interpret the fluorescent properties of a fluorophore, an overview of 
theories is presented.  
 
2.3.1 Förster-Hoffmann  
The quantum yield of a fluorescent molecular rotor following the Förster-
Hoffmann equation is103  
 
αηz=Φ                                                                       (2. 9) 
 




z αητ =                                                                   (2. 10) 
 
where z  and α  are constants, and η  is the viscosity of the environment. The 
value of α  is 2/3 for crystal violet in methanol/glycerol solutions.103 The same 
fluorophore in different solvents yields different α  values, 0.5-1.1 for DCVJ — 
thus α  is solvent dependent for the same fluorophore.126, 129, 151-154  
 
2.3.2 Strickler-Berg 
Theoretically, the natural fluorescence lifetime can be calculated from the 
Strickler-Berg equation.155 Based on eq. 2.11, the radiative rate constant is 
related to the absorption, the emission spectra, and the refractive index of the 
solvent, n . It is described by  
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Here, I  presents the emission intensity in the unit of frequency v , and ε  is the 
extinction coefficient from the absorption spectrum. 
 
The Strickler-Berg equation works under the assumptions that there is the same 
molecular geometry in the ground and excited state and there is no difference in 
the refractive index of the solvent at the absorption and emission wavelength for 
a fluorophore.1, 14 
 
It has been reported that there is a discrepancy in the value of the natural 
lifetime calculated from the Strickler-Berg equation and the quantum yield 
definition for many fluorophores.156-161 In these cases, the assumptions made in 
the model are not strictly matched by the situation in real molecular systems. 
 
2.3.3 The Magnitude of the Electronic Transition Moment 
Apart from the Strickler-Berg formula, the relationship between the radiative rate 
constant and the refractive index of the solvent has been derived by Toptygin 


































































k  can be calculated from the quantum yield and the fluorescence 
lifetime of a fluorescent molecule, 0n  and 1n  represent the refractive indices of 
the solution and the particle, respectively. The depolarization factors xL , yL  and 
zL , that are determined by the ellipsoid axes ratio of the molecule. xθ , yθ  and 
zθ  are the angles of the apparent dipole moment in the ellipsoid axes x , y  and  





















fcf                                          (2. 14) 
 
Here γ  is related to the magnitude of apparent dipole moment M  of a 







piγ =                                                                                 (2. 15) 
 
Here h  is Planck’s constant. 
 
The model restricts the values of xL , yL  and zL  such that they are always 
greater than zero, and the sum of three values equals unity. In addition, the 
value of zyx θθθ 222 coscoscos ++  equals unity. The largest depolarization factor 
L  indicates the shortest ellipsoid axis.  
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Assuming the polarization of M  is parallel to one of the three ellipsoid axes, 




















                                (2. 16) 
 
where ML  is the substitute depolarization factor, given by 
 
zzyyxxM LLLL θθθ 222 coscoscos ++=                          (2. 17) 
 
The intrinsic electronic transition dipole moment, µ , has to be parallel to one of 
the ellipsoid axes is the assumption for this equation. If a fluorescent molecule 
is in an empty ellipsoid cavity in a solution, 1n =1 and M =µ . This is the case for 
all the fluorescent molecules in this chapter. A rearrangement equation from eq. 
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The value of µL  is between 0 and 1, and It can be used to indicate the shape of 
the fluorescent molecule. It shows that the magnitude of µL  is 1/3 for a 
spherical molecule. The µL value is more than 1/3 indicating that the transition 
dipole moment direction is along the shortest dimension of the ellipsoid 
molecule and vice versa. The shape of molecules can be described only as a 
sphere or an ellipsoid. However, it is difficult to discriminate a prolate and oblate 
ellipsoid based on this measurement. If the ratio of the longest to the shortest 
axis of a ellipsoid is less than 2, the simplified model (eq. 2.16) can be used.162 
 
2.3.4 Solvatochromic Approaches to Dipole Moment 
The solvatochromic methods provide a relationship between the Stokes shift 
and the dipole moment of a fluorophore in solvents upon excitation. The dipole 
moment of an excited fluorescent molecule offers the information of the 
electronic and geometrical structure of the molecule in the excited state.163 
There are several methods provided by Lippert-Mataga, Bakhshiev and Kawski-
Chamma-Viallet.163-167 The Stokes shift v∆  is related to a combination of the 
refractive index n  and dielectric constant D  of the solvent, which is obtained by 
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where 0ε  is the permittivity of the vacuum, h  is Planck’s constant, 0a  is the 
radius of the cavity, and gµ  and eµ  is the dipole moment of fluorescent 
molecules in the ground state and the excited state, respectively.  
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The dielectric constant of binary solvents has been studied and various different 
models have been proposed to describe its behaviour. 168-170 The sophisticated 
model is able to describe in a more accurate way the dielectric constant of a 
mixture of solvents, but at the cost of using more parameters. In order to have 
an idea about the Stokes shift varying with the polarity, a simple model is used 
to calculate the dielectric constant of binary mD , is given by170 
 
2211 DDDm φφ +=                                                    (2. 27) 
 
where 1φ , 2φ  are the weight fractions of the solvents 1 and 2, respectively, and 
1D  and 2D  are the corresponding dielectric constant. 
 
2.3.5 Stokes-Einstein-Debye 
The Stokes-Einstein-Debye equation is used to describe the rotational property 






                                                                    (2. 28) 
 
where θ  is the rotational correlation time, V  is the molecular volume, Bk  is the 










Viscosity Mapping using BODIPY-C12 via FLIM  
 
3.1 Introduction 
BODIPY-C12, a fluorescent molecular rotor, was synthesised by Dr. Gokhan 
Yahioglu from PhotoBiotics Ltd and the Department of Chemistry, Imperial 
College London. It is used to measure the intracellular viscosity of HeLa cells 
via FLIM. Some of this work has been published.171 The molecular structure of 
BODIPY-C12 is shown in Figure 3. 1. It consists of a single bond connecting a 
BODIPY unit and a long carbon chain on top of a phenyl ring. The single bond 
allows two planes to twist. In this chapter, an extensive study of BODIPY-C12 in 
solutions and in cells measured by FLIM and spectroscopy is presented. The 












3.2 Fluorescence Properties in Methanol/Glycerol Mixtures 
3.2.1 Experimental Section 
A stock solution of 1.2 mg of BODIPY-C12 (MW=452 g/mole) in 1 ml of methanol 
was made which resulted in 2.65 mM concentration. Methanol/glycerol solutions 
with different volume fractions of glycerol were prepared in order to vary the 
viscosity of solutions. The volume fraction of glycerol is varied from 0% to 90% 
at 5% intervals. The concentration of BODIPY-C12 in each mixture is made up to 
approximately 13 µM.  
 
The photophysical properties of BODIPY-C12 and its influence on solvent 
polarity can be characterised by UV-Vis absorption and emission spectroscopy.  
The solvent polarity is related to the refractive index and dielectric constant of 
the solvent. The solvent refractive index and dielectric constant are used to 
depict the solvent polarity functions (eq. 2.21, 2.23, and 2.25).172 A four clear-
side quartz cuvette (Hellma) with 2 ml of BODIPY-C12 solution was used to 
measure absorption spectrum on a spectrophotometer (Hitachi, U-4100), and 
emission spectra on a luminescence spectrometer (Perkin Elmer, LS-50B).  
 
Time-resolved fluorescence measurements were taken using an inverted 
confocal scanning microscope. For the fluorescence lifetime measurement, 200 
µl of each dye solution was placed in each well of a 96-well glass-bottom 
microplate (Whatman). The pulsed diode laser with a wavelength of 467 nm, 
pulse duration of 90 ps, and a repetition rate of 20 MHz was used to excite the 
samples. The fluorescence signal passed through a chromatic reflector, a 
pinhole, and a 520 nm band pass filter (Semrock, FF01-520/28-25) for BODIPY-
C12 solutions and was then detected by a cooled PMT or hybrid PMT detector. 










Figure 3. 2 Experimental setup for time-resolved fluorescence lifetime 
measurements. F denotes bandpass filter.  
 
3.2.2 Solvent Properties: Viscosity, Refractive Index, and Dielectric 
Constant 
The viscosity of methanol/glycerol mixtures with some volume fractions of 
glycerol was measured using an advanced rheometric expansion system 
rheometer at 22.0± 0.1°C, and the results were published.128 The viscosity of 
binary liquids has been studied.173, 174 The intermediate viscosities of 
methanol/glycerol mixtures are estimated using a model. Here, the Arrhenius 
equation is used, and the corresponding formula is174 
 
2211 logloglog ηηη ⋅+⋅= xxmix                                                    (3. 1) 
 
where mixη , 1η  and 2η  are the viscosities of mixtures, pure solvent 1 and solvent 
2, respectively. x1 and x2 represent the volume fractions of solvent 1 and 2, 
respectively. Figure 3. 3(a) shows a variation in viscosity of methanol/glycerol 
solutions from the volume fraction of glycerol. The data are from the 
experimental measurements100, 128 and estimations using the Arrhenius model 
(eq. 3.1). The viscosity of 100% glycerol at 22°C was calculated to be 1182 cP 
according to a table of viscosity versus temperature for glycerol solutions.175 It  
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seems that the difference in viscosity between two data sets is clear on the plot 
with a logarithmical viscosity scale (see Figure 3. 3(b)). The viscosity of 
mixtures estimated by using eq. 3.1 seems to be consistent with the 
experimental one. In this experiment, we use the viscosities estimated using eq. 
3.1. 
 
         (a)                                                          (b) 
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Figure 3. 3 (a) Linear viscosity scale versus the volume fraction of glycerol for 
methanol/glycerol solutions using the Arrhenius model () and experimental 
results () at 22°C. (b) Logarithmic viscosity scale versus the volume fraction of 
glycerol. 
 
The refractive index was measured via a refractometer at 589 nm,134 and the 
dielectric constant was calculated using eq. 2.27, shown in Table 3. 1. The 
dielectric constant is 31 for methanol and 39.4 for glycerol at 28°C.168 
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Table 3. 1 The refractive index and dielectric constants of methanol and glycerol 
mixtures. 
 
Volume % of 
glycerol 
Refractive index Dielectric constant 
(28°C) 
0 1.3322 31.01 
5 1.3403 31.66 
10 1.3546 32.27 
15 1.3599 32.86 
20 1.3690 33.40 
25 1.3769 33.93 
30 1.3866 34.42 
35 1.3939 34.89 
40 1.4037 35.34 
45 1.4125 35.77 
50 1.4210 36.18 
55 1.4260 36.57 
60 1.4320 36.94 
65 1.4384 37.29 
70 1.4451 37.64 
75 1.4527 37.96 
80 1.4558 38.28 
85 1.4620 38.58 
90 1.4669 38.87 
 
3.2.3 Absorption and Emission spectra of BODIPY-C12 
The information of dipole moment and the influence of the solvent effect on the 
fluorophore is useful to understand the photophysical processes.163, 172 Based 
on solvatochromic methods, the Stokes shift is related to the dipole moment for 
fluorophores.166, 167, 172, 176 Here, we measured the absorption and emission 
spectra of BODIPY-C12 in methanol/glycerol mixtures. The position of the 
absorption and emission peaks of BODIPY-C12 varied slightly with the different 
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Figure 3. 4 The absorption (dashed line) and emission spectra (solid line) of 
BODIPY-C12 in glycerol and methanol mixtures with 10 and 90% of glycerol by 
volume. The excitation wavelength is 470 nm for emission spectra. 
 
From the absorption and emission spectra, the peaks of absorption and 
emission bands can be analysed. The absorption and emission peaks are red 
shifted with higher refractive index (see Figure 3. 5(a)). According to the Lippert-
Mataga’s equation (eq. 2.21) and Bakhsiev’s theory (eq. 2.23), the Stokes shift 
of BODIPY-C12 in all mixtures is almost the same independently of the polarity 
parameters, as shown in Figure 3. 5(b, c). A small Stokes shift of BODIPY-C12 
(~620 cm-1) is in agreement with the literature values of other meso-substituted 
BODIPY (500-900 cm-1).93 The differences between the excited-state and the 
ground dipole moment stay constant among these mixtures due to the 
negligible slope in the plot. Using another solvatochromic model (eq. 2.25), the 
peak wavenumber shift is negatively proportional to the polarity function shown 
in Figure 3. 5(d). It was found that the magnitude of eµ  is greater than that of 
gµ  from the gradient of the plot. The value of 
22
ge µµ −  is 4.87 Debye2 (D2) 
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Figure 3. 5 (a) The absorption and emission peaks of BODIPY-C12 versus 
refractive index in methanol and glycerol mixtures. (b-c) The relationship 
between Stokes shift of BODIPY-C12 and the polarity parameters of methanol 
and glycerol mixtures. (d) Plot of 2/)( fa vv +  versus F3 for BODIPY-C12 in the 
same solutions as (a). The grey straight lines are the best fit to the data. 
(Adjusted R-Square (Adj. R-Square) = -0.027 (b), -0.053 (c) and 0.983 (d)) 
 
3.2.4 Fluorescence Quantum Yield of BODIPY-C12 
The fluorescence quantum yield of BODIPY-C12 in methanol/glycerol solutions 
in two different ways were measured in two different ways, both based on the 
relative method. The first way uses the same viscosity solution with four 
different dye concentrations for each viscosity sample. The second way 
measures the same dye concentration in different viscosity solutions. The 
relative method to determine the fluorescence quantum yield Φ  is calculated 
according to eq. 3.2.177 
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AΦ=Φ                                           (3. 2) 
 
where A  is the absorbance of the fluorophore, I is the total emission intensity, 
and subscript X  and ST  denote unknown and standard sample,  respectively. 
For this experiment, a µM concentration of the fluorophore is used to avoid re-
absorption effect which is fluorescence from the excited molecules exciting the 
ground state molecules. This is possible because the Stokes shift of BODIPY-
C12 is small, and there is an overlap between absorption and emission spectra 
as shown in Figure 3. 4. The re-absorption effect results in a red-shifted 
emission spectrum, and depends on the overlap between the molecular 
absorption and fluorescence spectrum, the solution concentration and the 
thickness of sample.178 
 
For the first experiment, a set of BODIPY-C12 solutions with ten different 
viscosities containing four different dye concentrations was measured. 
Fluorescein in 0.1M NaOH is used as a standard reference, because the 
absorption and emission spectra of fluorescein are similar to that of BODIPY-
C12. In addition, the fluorescence quantum yield of fluorescein in 0.1M NaOH is 
0.92.179 The relationship between fluorescence intensity and absorbance for 
BODIPY-C12 and fluorescein is given in the appendix (see Figure A.1), and the 
gradient of plots indicate the magnitude of XX AI /  and STST AI /  for BODIPY-C12 
and fluorescein, respectively. The value of )/()/( STXXST IIAA ⋅ (eq. 3.2) was 
calculated from the gradient of Figure A.1 for BODIPY-C12 derived by that for 
fluorescein. The fluorescence quantum yield of BODIPY-C12 in mixtures can 
therefore be calculated. The standard deviation of quantum yield of BODIPY-
C12 is calculated using the standard deviation of the gradient of the plot (Figure 
A.1) and calculating the standard deviation of the refractive index of solutions 
through eq. 3.2. The quantum yield of BODIPY-C12 versus viscosity is shown in 
Figure 3. 6. 
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Figure 3. 6 The fluorescence quantum yield of BODIPY-C12 versus viscosity in 
methanol/glycerol mixtures. The grey straight lines are the best fit to the data.  
 
Figure 3. 6 shows that the quantum yield of BODIPY-C12 increases with 
viscosity. The slope of the plot in Figure 3. 6 is the value of α  according to eq. 
2.9. It was found that there are two α  values in the viscosity range from 0.6 cP 
to 1000 cP. The transition point between two gradients is at around 14 cP. The 
gradient is 0.26± 0.03 (Adj. R-Square = 0.962) for viscosity lower than 14 cP 
and 0.64 ± 0.02 (Adj. R-Square = 0.991) for a viscosity higher than 14 cP, 
respectively. This phenomenon of fluorescence quantum yield varying with the 
viscosity with different α  according to eq. 2.9 has also been observed in 
previous work on fluorescent molecular rotors and has been reported in the 
literature.153, 180, 181 The proposed reason for this is the free volume effect. The 
free volume exists around the fluorophores, and thus the environment of 
solution molecules is not expected to have an effect on the fluorophores. 
Because of this, the change in the quantum yield of BODIPY-C12 in low viscosity 
solutions is minimal. 
 
The other method is a comparison between BODIPY-C12 in methanol and 
methanol/glycerol solution with same dye concentration using eq. 3.2. The 
absorption and emission spectra were used from the measurements in section 
3.2.3. The calculation assumes the same extinction coefficient of BODIPY-C12 
in mixtures and uses 0.022 for the quantum yield of BODIPY-C12 in methanol 
(from the first quantum yield experiment). The fluorescence quantum yields of  
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BODIPY-C12 in methanol/glycerol mixtures for both measurements and from 
previously published values are shown in Figure 3. 7. The gradients of plot (see 
black points in Figure 3. 7) are 0.25± 0.02 and 0.61± 0.03. The red points are 
from Figure 3. 6. The two measurements in this work are consistent. We also 
compare the fluorescence quantum yields from this work and the literature 
values which are denoted in blue. The fluorescence quantum yields in the 
literature are higher than the work we present here. In addition, the gradient of 
the plot from the literature is 0.72± 0.05 and an intercept is -1.94± 0.10. It could 
be that the reference for the fluorescence quantum yield measurements was 
wrong in the literature, because there is a constant offset between the data sets, 
but the same trend. In any case, all data sets show the characteristic behaviour 
of a fluorescent molecular rotor. 
 





















Figure 3. 7 A comparison of fluorescence quantum yield of BODIPY-C12 in 
methanol/glycerol mixtures using the relative method. The fluorescence 
quantum yield of all mixtures is calculated compare to that of fluorescein () 
and BODIPY-C12 in methanol ().The data () is from the literature.100 
 
3.2.5 Fluorescence Lifetime of BODIPY-C12 
The emission intensity and fluorescence quantum yield of BODIPY-C12 increase 
with the viscosity of the environment. According to the Förster-Hoffmann 
equation, a double-logarithmic plot of emission intensity versus viscosity is a 
straight line for a constant dye concentration. However, it is not easy to control 
the concentration of BODIPY-C12 within cell environments or other complicated 
systems, such as a sol-gel system. Distinguishing the viscosity effect from the  
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concentration effect by integrated intensity is difficult. On the other hand, 
measuring the fluorescence lifetime of fluorescent molecular rotors is not 
influenced by the concentration of fluorophores, and the fluorescence lifetime 
can be measured directly and more accurately than the fluorescence quantum 
yield. Hence the latter has an advantage over intensity measurements. 
  
The fluorescence decays of BODIPY-C12 in methanol/glycerol solutions were 
measured, shown in Figure 3. 8. We used software to analyse the fluorescence 
lifetime by fitting a monoexponential decay function. As seen in Figure 3. 9, 
lifetime increases as viscosity increases. The fluorescence lifetime of BODIPY-
C12 in methanol is 0.28 ns using the PMT detector. The time scale of lifetime 
and IRF are similar. Therefore, the fluorescence decay of BODIPY-C12 in 
methanol was measured again using the hybrid PMT detector. The 
fluorescence lifetime of dye is approximately 0.29 ns, which is consistent with 
that obtained by the PMT detector. It has been reported that lifetime of 
BODIPY-C12 in ethanol is 0.38 ns using a microchannel plate detector and 100 
MHz diode laser.182 We also demonstrate that the lifetime of BODIPY-C12 in 
pure glycerol can be up to 4.60 ns.  
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Figure 3. 8 Fluorescence decays of BODIPY-C12 in methanol/glycerol mixtures 
were detected by a PMT detector. A diode laser with a wavelength of 467 nm 
and a repetition rate of 20 MHz is used to excite the BODIPY-C12 solution, and 
an emission window of 506-534 nm is used to measure the fluorescence 
decays. 
 












Figure 3. 9 The fluorescence lifetime of BODIPY-C12 in methanol/glycerol 
mixtures of various viscosities on a logarithmic lifetime and viscosity scale. The 
grey lines are the best fit to the data. 
 
According to eq. 2.10, the relationship between lifetime and viscosity is linear on 
a log-log scale. The gradient in the higher viscosity region is 0.55± 0.03 (Adj. R-
Square = 0.985), in agreement with the literature value.128 The lower viscosity 
slope is 0.20 ± 0.02 (Adj. R-Square = 0.906). Both values and the transition 
point between the two gradients are consistent with that from the fluorescence 
quantum yield measurements (section 3.2.4). The slightly higher value of the 
gradient in the fluorescence quantum yield plot Figure 3. 6 maybe due to the 
small effect of the refractive index, which inevitably changes as the glycerol 
Chapter 3 




content of the solutions is increased. An increase in refractive index increases 
the radiative rate constant (
r
k ) as discussed below. This increases the 
fluorescence quantum yield, but decreases the fluorescence lifetime according 
to eq. 1.1 and eq. 1.2. Thus, fluorescence lifetime information can be converted 
to viscosity information by measuring the fluorescence lifetime of BODIPY-C12 
in an unknown system. This is used as a calibration for indicating the 
intracellular viscosity. 
  
The radiative and non-radiative rate constant of BODIPY-C12 was calculated by 
knowing the fluorescence quantum yield and the fluorescence lifetime according 
to eq. 1.1 and eq. 1.2. This system of two equations with two unknowns can be 
solved unambiguously by measuring the fluorescence quantum yield and the 
fluorescence lifetime. The results are shown in Figure 3.10. The non-radiative 
rate constant of BODIPY-C12 dominates the quantum yield and lifetime, and 
varies with the viscosity of the solutions. In contrast, the radiative rate constant 
has a minor effect on quantum yield or fluorescence lifetime. The radiative rate 
constant plotted versus the square of the refractive index of the solution is 
shown in Figure 3.11. According to eq. 2.11, a straight line is used to fit the plot 
(Figure 3.11), with an intercept of zero. The change of the rate constant is 
~20% between a refractive index of 1.33 and 1.47 (viscosity from 0.6 to 630 cP).  
 






























Figure 3.10 The radiative rate () and non-radiative rate () constant of 
BODIPY-C12 in methanol/glycerol solutions. 
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Figure 3.11 Radiative rate constant versus the square of the refractive index for 
BODIPY-C12 in methanol/glycerol mixtures. The grey linear line with a gradient 
of (4.50± 0.11)×107 s-1 through the origin (Adj. R-Square = 0.987). 
 
The non-radiative rate constant for a fluorescent molecular rotor can be related 







Vkk α−⋅=                                                     (3. 3) 
 
where nrk  is the non-radiative rate constant, 0nrk  is the free-rotor reorientation 
rate, α  is a constant which is the same α  as eq. 2.9, 0V  is the Van der Waals 
volume of the fluorophore, and fV  is the free volume of the solvent. 
 





⋅=ηη                                                             (3. 4) 
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where 0η  is a constant.  
 
Thus the non-radiative rate constant of a fluorescent molecular rotor is a 









nrnr kk                                                             (3. 5) 
 
A plot of the logarithm of the non-radiative rate constant versus the viscosity of 
BODIPY-C12 in methanol/glycerol mixtures is shown in Figure 3.12. According 
to eq. 3.5, the data was fit with a straight line, and there are two straight lines in 
viscosity between 0.6 and 600 cP. For low viscosities, a straight line with a 
gradient of -0.21 ± 0.02 and an intercept of 8.89 ± 0.05 is obtained. For the 
expression in high viscosities, a straight line with a gradient of -0.54± 0.04 and 
an intercept of 8.29 ± 0.05 is obtained. The gradients are in agreement with 
those from fluorescence quantum yield and lifetime measurements. Moreover, it 
shows the free volume plays an important role in fluorescence mechanism of 
fluorescent molecular rotors.  
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Figure 3.12 A plot of non-radiative rate constant versus viscosity of BODIPY-C12 
in methanol/glycerol mixtures. 
 
The fluorescence lifetime of BODIPY-C12 is relatively longer than other 
fluorescent molecular rotors. The fluorescence lifetime of BODIPY-C12 is from 
280 ps to 4.60 ns for viscosity of methanol/glycerol mixtures from 0.6 cP to 
1470 cP. In contrast, the fluorescence lifetime of DCVJ or CCVJ is extremely 
short, even at high viscosity solution (~75 ps at 300 cP).129 The fluorescence 
quantum yield of DCVJ is very low, which is 0.1 in glycerol at 954 cP.181 In 
addition, it is complicated to deal with multiple lifetimes of a fluorophore, such 
as Thioflavin T.99 It has also been demonstrated that, for some fluorescent 
molecular rotors, the relationship between fluorescence lifetime and viscosity 
varies with the detection wavelength.99 BODIPY-C12 shows a single exponential 
decay, has a reasonable long fluorescence lifetime and higher fluorescence 
quantum yield than DCVJ. Hence, BODIPY-C12 is a good candidate as viscosity 
sensor via FLIM.  
 
3.3 BODIPY-C12 in Live Cells 
It has been shown that fluorescence lifetime of BODIPY-C12 is related to solvent 
viscosity (Figure 3. 9). We use the calibrations of fluorescence lifetime versus 
viscosity in Figure 3. 9 to study the viscosity of cells. 
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3.3.1 Experimental Section 
Human cervix carcinoma (HeLa) Cells (ATCC) were cultured on a 75 cm2 
culture flask (Greiner) in DMEM with 10% FBS, 1% 1x non essential amino acid, 
1 mM sodium-pyruvate and 0.1 % penicillin/streptomycin at 37°C in a 95% 
air/5% CO2 incubator. The cells were harvested by 2 ml of 1X trypsin and 
diluted with culture medium. A few of ml of cell solution was seeded in a 6-well 
glass bottom plate (WaferGen smartslide-6TM micro-incubator) one night before 
imaging.  
 
For staining, a volume of 20 µl of BODIPY-C12 (2.65 mM) was added into a well 
of a micro-incubator and slightly shaken, then placed into an incubator for 30 
minutes. The next step was to remove the solution and wash cells with clear 
DMEM five times. Finally, a well of the micro-incubator was filled by DMEM at 
37°C with 5% CO2 atmosphere and was placed on the stage of the microscope 
to measure FLIM of BODIPY-C12 in HeLa cells. 
 
BODIPY-C12 uptake has been reported in SK-OV-3 cells, showing a punctate 
and more diffuse distribution. However the precise location of BODIPY-C12 in 
cells is not entirely clear.100, 128 In order to know the location of BODIPY-C12 in 
cells, we use counterstaining technique applied to a well studied study cell type. 
For counterstaining experiments, HeLa cells were grown on a 6-well micro-
incubator in Opti-MEM. The cells were stained with 20 µl of 628 µM Nile red 
(Invitrogen) and 20 µl of 2.65 mM BODIPY-C12 in one of 6-well plate in an 
incubator for 30 minutes. Afterwards, the medium was removed and rinsed with 
Opti-MEM. Confocal fluorescent images of HeLa cells in Opti-MEM were then 
taken. This experiment illustrates the location of BODIPY-C12 in the cells.  
 
In addition to the above, Endoplasmic Reticulum-Red Fluorescent Protein (ER-
RFP) (CellLightTM BacMam 2.0) was used to bind Endoplasmic Reticulum (ER), 
and few µl of ER-RFP regent were added into the cell flask and incubated for  
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one night. When the regent was expressed in HeLa cells, the cells were seeded 
on a 6-well micro-incubator. A volume of 20 µl of BODIPY-C12 (2.65 mM) was 
added into a well of the micro-incubator and incubated for 30 minutes. Finally, 
the cells were immersed in the well with Opti-MEM and the cells were imaged 
after washing five times with Opti-MEM. 
 
3.3.2 FLIM 
By measuring the fluorescence lifetime of BODIPY-C12 in live cells related to the 
calibration (Figure 3. 9), the viscosity of the environment of BODIPY-C12 in cells 
can be calculated. FLIM of HeLa cells incubated with BODIPY-C12 was carried 
out at 32 and 37°C. The fluorescence intensity images and FLIM of BODIPY-
C12 in cells are shown in Figure 3.13(a-d). The first column of Figure 3.13 is the 
measurement at 37°C, and the second column is for the measurement at 32°C. 
The fluorescence intensity images indicate dye uptake in HeLa cells. More 
intense fluorescence puncta does not necessarily mean the existence of more 
fluorophores, since it may be due to a higher fluorescence quantum yield 
resulting from higher viscosity. According to eq. 2.9, the fluorescence quantum 
yield of fluorescent molecular rotors increases with viscosity. Hence, both the 
concentration of a fluorescent molecular rotor and the solvent viscosity vary the 
fluorescence intensity. The fluorescence lifetime can discriminate between 
these effects. A monoexponential decay function was used to fit the 
fluorescence decay in each pixel. The colour bars from blue to red denote the 
fluorescence lifetime from 900 ps to 2500 ps for both images (see Figure 3.13(c, 
d)). The representative fluorescence decays in a single pixel for Figure 3.13(c, d) 
are shown in Figure 3.13(e, f). HeLa cells measured at 32°C demonstrated a 
longer fluorescence lifetime for BODIPY-C12 than those measured at 37°C. 
Figure 3.13(g, h) shows that there is a broad and asymmetric lifetime 
distribution histogram of BODIPY-C12 in cells. A Gaussian distribution was used 
to fit the lifetime histogram in the whole image. The fluorescence lifetimes of 








in other regions. The corresponding viscosity in puncta is 118 cP and the 
viscosity outside of puncta is 169 cP. On the other hand, the lifetimes were 
found to be 1.50 ns in puncta and 1.90 ns in other regions for BODIPY-C12 in 
HeLa cells at 32°C. The intracellular viscosities at 32°C are 155 cP and 241 cP. 
This indicates that the decreasing temperature results in an increase in viscosity. 
This is consistent with BODPIPY-C12 not being located in the cell cytoplasm 
because the viscosity is known to be much lower there. Moreover, BODIPY-C12 
is hydrophobic, and is not expected to reside in the cell cytoplasm. 
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Figure 3.13 The fluorescence intensity image (a, b) and FLIM (c, d) for BODIPY-
C12 in live HeLa cells at (a, c) 37°C and (b, d) 32°C, respectively. (c, d) The 
colour bars from blue to red denote fluorescence lifetime from 900 ps to 2500 
ps. (e, g) The representative fluorescence decay in a single pixel for (c, d), 
respectively. (g, h) The fluorescence lifetime histogram is from (c) and (d), 
respectively. 
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A comparison of viscosity changing with temperature between aqueous glycerol 
solutions and cell environments is shown in Figure 3.14. The viscosity of 
glycerol solutions decreases as temperatures increases, as shown in black and 
blue colour of Figure 3.14. The viscosity in cells is denoted as red and light blue, 
and it seems that the trend of viscosity varying with temperature for cell 
environments is consistent with that for solutions. It shows that the viscosity 
behaviour in cells is dependent on temperature, and that our method to perform 
FLIM of a BODIPY-C12 fluorescent molecular rotor in living cells is sensitive 
enough to detect these subtle changes. 
 




























Figure 3.14 Viscosity versus temperature. Glycerol solutions containing (A) 93% 
of glycerol by weight and (C) 96% of glycerol by weight.175 Intracellular viscosity 
measured using BODIPY-C12 (B) in puncta and (D) in the regions outside 
puncta.  
 
It has been demonstrated that the viscosity of intracellular vesicles is 160 cP for 
Human ovary adenocarcinoma (SK-OV-3) using BODIPY-C12 via FLIM.100, 128 It 
can be seen that the viscosities for HeLa, SK-OV-3 and Chinese hamster ovary 
(CHO) cells are the same order of magnitude.109, 129 BODIPY-C12 is suggested 
to be membrane soluble because of its hydrophobicity.100, 128 It has been shown 
that the intracellular viscosities of HeLa cells are also in agreement with that of 








3.3.3 The Location of BODIPY-C12 in Cells 
No uptake of BODIPY-C12 for lysosomes in SK-OV-3 cells has been reported.128 
However, the location of BODIPY-C12 in cells has not been obtained. In this 
section, we demonstrate the interaction of BODIPY-C12 and two organelles. In 
the first part of experiments, Nile red and BODIPY-C12 were incubated with cells. 
Confocal fluorescence images were used to examine the localization of dyes.  
 
It has been reported that the viscosity of cells is associated with some diseases. 
The locations of BODIPY-C12 in cells allow us to know the viscosity of the 
organelles it is located in, and extend our knowledge of the respective 
organelles. This is relevant for example, for drug design to improve drug 
delivery. 
 
A confocal fluorescence image of HeLa cells incubated with BODIPY-C12 is 
shown in Figure 3.15(a, b). The contrast between puncta and some networks 
very different intensities, as shown in Figure 3.15(b). In order to find out the 
location of BODIPY-C12 in cells, we imaged HeLa cells incubated with ER-RFP, 
Rh123 and Nile red, as shown in Figure 3.15(c-e), respectively. ER-RFP is used 
to stain the ER organelle, Nile red is targeting the lipid droplets and Rh123 is 
used to stain mitochondria. The puncta of HeLa cells incubated with Nile red are 
lipid droplets, but the networks of cells is not clear, as shown in Figure 3.15(e). 
The features of BODIPY-C12 in HeLa cells are similar to that of lipid droplets 
and ER, but not to mitochondria.  
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Figure 3.15 Fluorescence images of BODIPY-C12 in HeLa cells at 37°C at (a) 
lower gain and (b) higher gain of the detector. Fluorescence images of HeLa 
cells stained with (c) ER-RFP, (d) Rh123, and (e) Nile red, respectively.  
 
We did counterstaining experiments to demonstrate the location of BODIPY-C12 
in HeLa cells. First, HeLa cells were incubated with Nile red and BODIPY-C12, 
shown in Figure 3.16. The emission spectra of 3 regions of interest (ROIs) show  
10 µm                                                    10 µm 
10 µm                                                    10 µm 
10 µm 
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the fluorescent superimposition of BODIPY-C12 and Nile red. The emission peak 
around 515 nm is fluorescence of BODIPY-C12 and the emission wavelength of 
Nile red in HeLa cells is between 500 and 750 nm. It has two main peaks at 570 
and 630 nm denoting the different polarity environments. Nile red is associated 
with the position of lipid droplets of cells, especially neutral lipids. The emission 
wavelength of Nile red is dependent on the polarity of the environment.184, 185 
Therefore, the polarity of the environments can be found from the emission 
wavelength of Nile red. It has been reported that the emission peak of Nile red 
is shifting from 570 nm to 636 nm for the surrounding solutions from non-polar 
to polar.98 The wavelength of emission peak of 570 nm for Nile red in puncta 
denotes a non-polar environment, which is in agreement as lipids are non-polar 
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Figure 3.16 (a) Confocal fluorescence image of HeLa incubated with BODIPY-
C12 and Nile red, and (b) the corresponding emission spectrum of three ROIs. 
Nile red is a polarity sensor, and red shift of emission spectrum denotes higher 
polarity environment. Therefore, the polarity of puncta is lower than in other 
regions. A continuous wave 488 nm Ar+ laser is used to excite the sample. 
 
The confocal fluorescence images of HeLa cells stained with Nile red and 
BODIPY-C12 are detected with two different emission windows and a pinhole of 
0.9 airy units shown in Figure 3.17. The transmission images of cells shown  
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in Figure 3.17(a, b), the fluorescence of BODIPY-C12 in Figure 3.17(c, d), the 
fluorescence of Nile red in Figure 3.17(e, f) and the overlap images depicted in 
Figure 3.17(g, h). The detected emission spectra in the spectral regions of 495-
520 nm and 503-531 nm were used to denote the location of BODIPY-C12 in 
HeLa cells (green colour). The emission wavelength in the spectral regions of 
650-700 nm and 658-703 nm were used to denote the location of Nile red (red 
colour). The colour of overlap images shows Nile red and BODIPY-C12 in HeLa 








Figure 3.17 Transmission (a and b) and confocal fluorescence images (c-h) of 
live HeLa cells stained with BODIPY-C12 and Nile red. An excitation wavelength 
of 488 nm is used to acquire the images. The wavelength on the images 
denotes the detected emission wavelength, and the overlap of two channels (g, 
h). A pinhole size of 0.9 Airy units is used. 
 
The intensity distribution of the trajectory A-B and C-D with two emission 
windows are shown in Figure 3.18. The emission wavelength of 503-531 nm 
denotes BODIPY-C12, and 658-708 nm denotes Nile red. The fluorescence 
intensity between two dyes increases and decreases correspondingly. In other 
words, the distribution of Nile red and BODIPY-C12 appear in the same positions. 
This implies that the BODIPY-C12 and Nile red are in the same location within 
the optical resolution.  
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Figure 3.18 (a) Confocal fluorescence images of HeLa cells with Nile red and 
BODIPY-C12. (b) The corresponding emission spectrum of (a). The intensity 
distributions of BODIPY-C12 (black curve) and Nile red (red curve) from A to B 
and from C to D in (a) are shown in (b).  
 
In addition, we recorded a series of images to monitor the movement of 
BODIPY-C12 in HeLa cells, and the interval between two images is 1.6 second. 
The trajectory of a punctum in the white circle of Figure 3.19(a) is depicted in 
Figure 3.19(b). It seems that the movement of this punctum is along a certain 
pattern and also confined at some positions. It has been reported that the 
translational mobility of lipid droplets is fast moving or oscillating along 
microtubules and then stuck to the ER.186 It provides another piece of evidence 
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Figure 3.19 (a) Confocal fluorescence images of HeLa cells with BODIPY-C12. 
(b) The trajectory of one punctum in the circle of (a).  
 
The puncta are thus demonstrated to be as lipid droplets. Lipid droplets contain 
neutral lipids and perilipin family proteins.187 Triacylglycerols (TAG), cholesterol 
esters (CE) and ergosterol esters are neutral lipids. It has been reported that 
the melting point for lipids esters varies with the chain lengths of fatty acid. The 
high viscosity environment at 37°C could  occur when lipid esters with high 
melting point exist, resulting in a decrease in the translational mobility of 
molecules on the lipid droplet surface.188 Hence, the high viscosity is observed 
in lipid droplets from this experiment. 
 
Each lipid droplet in a cell could contain different components and have different 
functions, such as storing lipids which are related to lipid metabolism or 
functioning as a protector for proteins.187, 189 However, any correlation between 
the function of lipid droplets and its viscosity is still unknown.  
 
The punctate locations of BODIPY-C12 were demonstrated to be lipid droplets. 
Apart from this, we also demonstrated that the location of networks of BODIPY-
C12 in HeLa cells via the counterstaining experiment. The second 
counterstaining experiment used HeLa cells incubated with ER-RFP and 
BODIPY-C12. The results are shown in Figure 3.20. The emission spectrum of  
10 µm 
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BODIPY-C12 is shown in black line of Figure 3.20(b) and the emission spectrum 
of ER-RFP in HeLa cells is 550-750 nm as shown in grey line of Figure 3.20(b). 
The emission spectrum in the region of interest (ROI) 5 is similar to that of HeLa 
cells stained with BODIPY-C12 only, and others ROIs are the combinations of 
BODIPY-C12 and RFP signals. The distribution of BODIPY-C12 is discovered by 
detecting the emission intensity of 495-525 nm, and the fluorescence 
wavelength of 550-600 nm is for detecting ER-RFP shown in Figure 3.20(c, d). 
The increase in fluorescence intensity for BODIPY-C12 and ER-RFP occurs in 
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Figure 3.20 (a, c) Confocal fluorescence images of BODIPY-C12 and ER-RFP in 
HeLa cells at 37°C. (b) The emission spectra of ROIs (a). (c, d) The distribution 
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From the counterstaining experiments, it was found that the main locations of 
BODIPY-C12 in the HeLa cells are lipid droplets and endoplasmic reticulum 
within the optical resolution. A more thorough understanding of the BODIPY-C12 
locations in cells could be obtained by using high resolution fluorescence 
microscopy, such as STORM. This would enable co-localisation studies with a 
higher spatial resolution or TEM. 
 
3.4 Summary 
The Stokes shift of BODIPY-C12 is as small as for some other BODIPY 
derivatives. From measurements of BODIPY-C12 in methanol/glycerol mixtures, 
it is concluded that the fluorescence quantum yield and the fluorescence lifetime 
of BODIPY-C12 vary with viscosity in agreement with the Förster-Hoffmann 
equation. The radiative rate constant of BODIPY-C12 increases by ~20% for the 
refractive index from 1.33 to 1.47. However, the non-radiative rate constant 
dominates influences on the fluorescence quantum yield. A relatively high 
fluorescence quantum yield and the existence of a single fluorescence lifetime 
on the nanosecond time scale demonstrate that BODIPY-C12 is an ideal 
viscosity sensor. It is better than DCVJ or CCVJ for lifetime measurements and 
in particular for FLIM.  
 
BODIPY-C12 allows us to measure viscosity via FLIM in a relatively easy and 
straight-forward manner. The viscosity of whole cells can be measured in a few 
minutes via FLIM. The combination of FLIM and fluorescent molecular rotors 
provides a better method to measure viscosity than FCS and FRAP which only 
measure viscosity in a certain area.  
 
The fluorescence lifetime image of BODIPY-C12 can also be used to 
discriminate the microviscosity within a heterogeneous environment, such as 
cells. It is better than intensity measurements because the concentration of  
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molecules does not influence the fluorescence lifetime results; in the intensity 
measurement case the concentration effect cannot be discriminated.  
 
It has been demonstrated that the main locations of BODIPY-C12 in cells are the 
lipid droplets and endoplasmic reticulum, and the environments are thus more 
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In general, the rotational diffusion of a fluorescent molecule can be measured 
via polarization-resolved fluorescence techniques. In this chapter, we present a 
novel mathematical framework based on the fact that for fluorescent molecular 
rotors, the steady-state anisotropy as given by the Perrin equation (eq. 1.26) is 
related to the viscosity via the Förster-Hoffmann equation (eq. 2.10) and 
Stokes-Einstein-Debye equation (eq. 2.28). Moreover, it is shown that the 
rotational correlation time of BODIPY-C12 in methanol/glycerol mixtures is a 
function of its fluorescence lifetime according to a modified Förster-Hoffmann 
equation (eq. 4.4). This is theoretically accounted for by combining the Stokes-
Einstein-Debye equation (eq. 2.28) and the Förster-Hoffmann equation (eq. 2.9). 
The intracellular viscosity is measured via the steady-state and time-resolved 
fluorescence anisotropy. The steady-state anisotropy of BODIPY-C12 work 
presented here has been published.129 
 
4.2 Steady-State Anisotropy of BODIPY-C12  
4.2.1 Experimental Section 
We measured steady-state polarization-resolved images of fluorophore 
solutions using an inverted wide-field microscope (Nikon, TE-2000E). 250 µl of 
BODIPY-C12, DCVJ (Invitrogen) and FITC (Sigma) in methanol/glycerol 
mixtures with a concentration of 3 µM were placed in individual wells of a 96-
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well plate. A Hg lamp was used to excite the samples through a filter cube with 
an excitation filter at 475 nm, a chromatic reflector at 505 nm and a 
fluorescence filter at 515 nm and a 63x oil immersion objective (NA=1.4, Leica). 
The fluorescence signal passed through the same objective and a polarized 
image splitter (Optosplit II, Cairn) and the two orthogonally-polarized images 
were recorded simultaneously using a cooled dual mode electron-bombarded 
charge-coupled device (EBCCD) camera (Hamamatsu, C7190). The anisotropy 
images were produced through the following steps. The two orthogonally 
polarized images were aligned to match the corresponding pixels via the Cairn 
Image Splitter plug-in for ImageJ (see Figure 4. 1). Then, the two images were 




Figure 4. 1 Experimental setup and data processing steps for steady-state 
fluorescence anisotropy measurement.129 
 
4.2.2 Steady-State Anisotropy of BODIPY-C12 in Methanol/Glycerol 
Mixtures  
The anisotropy of a fluorescent molecular rotor is related to viscosity based on a 
modified equation of the Perrin (eq. 1.26) Stokes-Einstein-Debye equation (eq. 
2.28) and Förster Hoffman equation (eq. 2.9).  
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B=                                                                      (4. 2) 
 
where r  is steady-state anisotropy, 0r  is the initial anisotropy, Bk  is the 
Boltzmann constant, T  is the absolute temperature, rk  is the radiative rate 
constant of the fluorophore, V  is the hydrodynamic volume of the molecule, η  
is the viscosity of the solution and α  and z  are constants. The value of α  is in 
the range 0.45-0.75 for fluorescent molecular rotors,94, 99, 128 while 0=α  is for 
rigid molecules where there is no influence of viscosity on quantum yield.  
 
A simulation of eq. 4.1 is shown in Figure 4. 2. The value of r  is approaching 
0r  as the viscosity is increasing and is equal to 0r  at a certain viscosity which 
depends on the internal properties of molecules. Moreover, it indicates that 
there are different trends for fluorescent molecular rotors and rigid fluorescent 
molecules with the same radiative rate constant and molecular volume at the 
same temperature (black vs. blue lines and red vs. green lines). For rigid 
molecules with different B  values (eq. 4.2), there is a limited region over which 
the viscosity can be measured. At low viscosities, r  is close to zero and at high 
viscosities, r  is close to 0r . The characteristic curve for rigid molecules shifts 
to a different viscosity region as shown in black and red lines of Figure 4. 2. The 
useful dynamic viscosity range is limited but can be changed by changing the 
fluorescence lifetime. In contrast, the dynamic range of viscosity for fluorescent 
molecular rotors can be much larger under the same B  values as rigid 
fluorophores. The mathematical framework thus predicts an extended dynamic  
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range of viscosity that can be probed with steady-state anisotropy 
measurements with fluorescent molecular rotors 
. 





















Figure 4. 2 Simulations of steady-state anisotropy versus viscosity according eq. 
4.1 using Origin 8.0 software. Black and red lines represent rigid molecules with 
different B  values (refer to eq. 4.2), and blue and green lines represent 
fluorescent molecular rotors with different B  values. 
 
We measured steady-state fluorescence anisotropy of 3 fluorescent molecules 
using the setup as shown in Figure 4. 1. There are two fluorescent molecular 
rotors, BODIPY-C12 and DCVJ, and one rigid molecule, FITC. The steady-state 
anisotropy of the three dyes versus viscosity is shown in Figure 4. 3. The 
triangle, square, and open circle points denote BODIPY-C12, DCVJ and FITC, 
respectively. The three grey lines are simulated according to eq. 4.1, and 
overlap with the data points. The anisotropy value is from 0.26 to 0.33 for DCVJ 
in mixtures with the viscosity from 0.6 to 630 cP. The anisotropy curve for DCVJ 
is similar to the green curve in Figure 4. 2 indicating 0r = 0.33 for DCVJ. In 
contrast, the anisotropy values are in the range 0.10-0.35 and 0.10-0.27 for 
FITC and BODIPY-C12, respectively. It was observed that FITC and BODIPY-
C12 in solutions with viscosity of 0.6-600 cP have a big dynamic range in 
anisotropy, as predicted by our model.  
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Figure 4. 3 The steady-state anisotropy versus the solvent viscosity for 
BODIPY-C12 (), DCVJ () and FITC ().129 The measurements were 
performed in an inverted microscope, a polarizing splitter and an EBCCD 
camera. The grey fitting curves are based on eq. 4.1 using Origin software.   
 
A small dynamic range in anisotropy for DCVJ can be explained using eq. 1.26. 
The ratio of lifetime to rotational correlation time for DCVJ is much less than that 
for FITC and BODIPY-C12 at the same viscosity. For example, the lifetime of 
DCVJ in methanol has been measured to less than 10 ps,129 and a rotational 
correlation time of 34 ps is calculated using eq. 2.28 and a radius of ~0.385 
nm.190, 191 The lifetime of BODIPY-C12 in methanol is 0.28 ns, and the rotational 
correlation time is estimated to be 17 ps using a radius of 0.3 nm which is 
described subsequently and by eq. 2.28. Due to the properties of the molecules, 
the anisotropy of DCVJ in methanol is very close to the initial anisotropy, which 
results in a small dynamic range in anisotropy at a viscosity range of 0.6-600 cP.  
  
BODIPY-C12 and FITC have a large dynamic range. The anisotropy of BODIPY-
C12 is relatively linear in proportion to the logarithmic viscosity over three orders 
of magnitude. The anisotropy of FITC remains the same in viscosity less than 1 
cP and increases dramatically to reach a plateau at viscosity of approximately 
600 cP. BODIPY-C12 is superior to FITC in viscosity < 10 cP, because it has a 
greater dynamic range in anisotropy and r  is relatively linear proportion to the 
logarithmic viscosity. In the viscosity range of 10-100 cP, FITC offers a better 
dynamic range comparison to BODIPY-C12. In general, BODIPY-C12 is the 
appropriate dye to measure viscosity of over several orders of magnitude,  
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especially since the anisotropy can be measured to an accuracy of >0.001 in 
cuvette-based system and 0.01 in a microscope.192  
 
4.2.3 Steady-State Anisotropy of BODIPY-C12 in Cells  
The anisotropy versus viscosity for BODIPY-C12 in methanol/glycerol mixtures 
has been addressed to be a calibration curve to measure viscosity. Here, we 
measured the steady-state fluorescence anisotropy of BODIPY-C12 in live HeLa 
cells. The anisotropy mapping of cells incubated with BODIPY-C12 is shown in 
Figure 4. 4. The colour spectrum from blue to red denotes changes in 
anisotropy from 0.030 to 0.175. The left hand side is fluorescence intensity 
image and the right hand side image is anisotropy image of BODIPY-C12 in 
punctate regions. The viscosity is calculated by using the calibration curve (see 
Figure 4. 3). It seems that the viscosity is up to 70 cP in the punctate regions.  
 
(a)                                       (b) 
  
 
Figure 4. 4 (a) The intensity and (b) anisotropy mapping of BODIPY-C12 in HeLa 
cells. The fluorescence was excited at 475 nm, and detected at 515 nm. The 
corresponding viscosity is up to 70 cP for the punctate regions. 
 
The advantage of steady-state polarization-resolved fluorescence 
measurements is that it is relatively rapid and easy. A cheaper light source, Hg 
lamp, is used to perform this experiment. The measurement can be made over 
a short acquisition time. The orthogonally polarized fluorescence is measured at 
the same time to avoid a monitoring the sample at different times for different 
polarizations. If the fluorescence of fluorescent molecules is bright, a high frame 
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rate CCD can be employed to monitor the fast dynamic change.193 It has been 
shown that the viscosity of the environment of the fluorescent probe is related to 
anisotropy.129, 130 However, steady-state anisotropy could not deal with hindered 
rotation. Thus, we use a time-resolved fluorescence anisotropy technique to 
measure viscosity of the environment and the rotation mobility of the indicator. 
 
4.3 Polarization and Time-Resolved Fluorescence of BODIPY-
C12 in Methanol/Glycerol Mixtures 
4.3.1 Experimental Section 
For the time-resolved polarization fluorescence measurement, the procedure is 
almost similar as the time-resolved fluorescence measurement mentioned in 
3.2.1. The only difference is the way the fluorescence signal is measured. The 
fluorescence passed through a band-pass filter (Semrock), a polarizing cube 
beamsplitter (Edmund Optics), and the orthogonal polarized signals were 
collected using two hybrid PMT detectors, simultaneously. The electronic signal 
produced from detectors passes through a router to a PC, and fluorescence 
decays were constructed by a TCSPC card (Becker & Hickl, SPC-830) in a PC 
(see Figure 4. 5).  
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Figure 4. 5 Experimental setup for time-resolved fluorescence anisotropy 
imaging. PBS denotes polarization beamspilitter, F denotes filter, and P denotes 
polarizing filter.  
 
4.3.2 Rotational Correlation Time of BODIPY-C12 in 
Methanol/Glycerol Mixtures 
The rotational correlation time of BODIPY-C12 in mixture versus viscosity is 
shown in Figure 4. 6. The time-resolved fluorescence anisotropy results 
showing the rotational behaviour of BODIPY-C12 can be described using the 
Stokes-Einstein-Debye theory (eq. 2.28). A straight line is fitted through the 
origin with the gradient of (3.47 ± 0.04) × 10-8 m ⋅ s2 ⋅ kg-1. The radius of the 
fluorophore was found to be 3 Å using the gradient of the fit and assuming a 
spherical of BODIPY-C12.  
 
The bond lengths of Pyrromethene 546 (PM546) (see Figure 5. 1(a) for the 
molecular structure) have been determined by X-ray diffraction194 and density 
functional theory,195 and the results show dihedral angles between two pyrrole 
rings. The radius of PM546 is estimated to be 4.4 Å assuming a flat PM546 and 
the bond length form the literatures. The radius of BODIPY-C12 is valid through 
the comparison with the similar molecule PM546. Hence, the radius of BODIPY-
C12 from anisotropy measurement is reasonable. In addition, Figure 4. 6 is a  
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calibration to measure viscosity by associating it with the rotational correlation 
time of BODIPY-C12.  
 
From time-resolved fluorescence anisotropy decays (see Figure 4. 6(c-e)), 
lower values of 0r  were found in some solutions with low viscosity and a 
constant value of 0.20-0.23 was found in viscous solutions (viscosity >28 cP). In 
our setup for time-resolved fluorescence anisotropy measurements, we could 
not resolve the polarized fluorescence components correctly for fast rotating 
molecules, which results in a low observed value of 0r . A fast rotation of 
fluorophores that cannot be resolved correctly in the orthogonal polarization 
causes a lower anisotropy.  
 
Moreover, a high NA microscope objective depolarizes the excitation and 
emission resulting in a z-axis polarized component. An estimation of 0r  under a 
high NA objective lens can be calculated using a relative method. A reference 
and an unknown sample are measured in a cuvette-based system and a 
microscope. The initial anisotropy of Rh123 is 0.37 and 0.29 for the 
measurement under the cuvette-based system and the confocal microscope 
with NA=1.2, respectively. The value of 0r  for Rh123 in cuvette system is 
consistent with the value reported in the literature.196 The initial anisotropy of 
BODIPY-C12 is approximately 0.30 measured in the cuvette-based system. 
Hence, the initial anisotropy of 0.24 for BODIPY-C12 in the microscope using a 
NA=1.2 objective lens was estimated by relative ratio of 0r  obtained from the 
microscopy-based and the cuvette-based experiments. Rh123 is used to 
examine the depolarization effect of microscope, and the results are shown in 
the appendix. 
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Figure 4. 6 (a) The rotational correlation time of BODIPY-C12 in mixtures of 
methanol/glycerol with different viscosity, including the results from this 
measurement () and other measurement (in section 4.4.3) (). A straight grey 
line is used to fit black points according to eq. 2.28. (b) The polarized 
fluorescence decays of BODIPY-C12 in solution with 75% V/V glycerol. Parallel 
and perpendicular denote the polarization of the collecting fluorescence 
compared to the polarization direction of the incident light. The anisotropy decay 
for BODIPY-C12 in mixture with (c) 45%, (d) 60% and (e) 75% of glycerol.  
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4.3.3 Steady-State Anisotropy of BODIPY-C12 from Time-Resolved 
Fluorescence Measurements 
The steady-state fluorescence anisotropy can also be calculated from the time-
resolved fluorescence decay. The intensities of the two polarizations are the 
integrated areas under the fluorescence decay, and the anisotropy values can 
be calculated using eq. 1.17. The steady-state anisotropy values calculated 
from the time-resolved measurements for BODIPY-C12 in mixtures are shown in 
Table 4. 1. 
 
Table 4. 1 The lifetime, rotational correlation time and anisotropy of BODIPY-















0 0.6 0.28 too short 0.0014 
5 0.9 0.29 too short  
10 1.3 0.32 too short 0.0090 
15 1.9 0.36 too short  
20 2.7 0.36 too short 0.0411 
25 4.0 0.36 too short 0.0268 
30 5.8 0.42 0.06 0.0382 
35 8.5 0.46 0.43 0.0470 
40 12.5 0.58   
45 18.2 0.50 0.63 0.0720 
50 26.6 0.60 1.61 0.1187 
55 38.9 0.67 2.16 0.1280 
60 56.9 0.78 2.58 0.1362 
65 83.1 1.00 3.91 0.1431 
70 121.4 1.37 4.87 0.1511 
75 177.4 1.84 5.17 0.1580 
80 259.3 1.93 6.81 0.1642 
85 378.8 2.45   
90 553.6 2.90 19.33 0.1825 
 
A relationship between anisotropy and viscosity for BODIPY-C12 in 
methanol/glycerol mixtures is shown in Figure 4. 7(a). A comparison of two sets 
of data is shown in Figure 4. 7(b), the different NA of objective lenses results in  
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different anisotropy values at the same viscosity. The anisotropy measurement 
was carried out using a NA=0.75 objective lens for red points (see Figure 4. 
7(b)) which had a higher anisotropy values compared to the measurement using 
a NA=1.2 objective lens (black points). 
 
(a)  








          
(b)  














Figure 4. 7 A plot of steady-state anisotropy of BODIPY-C12 versus viscosity 
with a (a) linear viscosity scale and (b) logarithmic viscosity scale. (b) A 
comparison of anisotropy vs. viscosity between two sets of data from time-
resolved anisotropy measurement (, Figure 4. 6) and polarization-resolved 
fluorescence measurement (, Figure 4. 3). 
 
The initial anisotropy can be calculated using eq. 4.3 which is a rearrangement 











                                                                 (4. 3) 
 








According eq. 4.3, a plot of 1−r  vs. 1−αη  for FITC is shown in Figure 4. 8. In this 
case, α  is zero and Φ=z because FITC is a rigid molecule. The initial 
anisotropy can be calculated using the intercept of the plot. The intercept for 
viscosity from 0.6 to 600 cP is 4.6± 2.1 which correspond to  0r  of 0.28± 0.12, 
as shown in Figure 4. 8(a). If we fit the data points for viscosities above 25 cP, 
then the intercept is 2.65± 0.07 with the corresponding 0r  of 0.38± 0.01 (Figure 
4. 8(b)). This is in agreement with the literature value for FITC. The slope is 
0.100± 0.004 for the plot of Figure 4. 8(b) which yields the radius of 0.47 nm. 
 
(a)  






























Figure 4. 8 A plot of 1−r  versus 1−η  for FITC (A rearrangement of date for FITC 
from Figure 4. 1) in viscosity between (a) 0.6-600 cP and (b) 25-600 cP. The 
grey lines are the best fit to the data (Adj. R-Square = 0.973 (a) and 0.989 (b)). 
The value of 0r  can be estimated using eq. 4.3.  
 
Rearranging the data of Figure 4. 3, a plot for DCVJ according to eq. 4.3 is 
depicted in Figure 4. 9. There is a straight line on the plot of 1−r  versus 1−αη  
according to eq. 4.3, and 0r  can be calculated from the intercept. A fit of straight 
line yields an intercept of 3.05± 0.04, and the initial anisotropy was calculated to 








A straight line is used to fit the data with viscosities above 4.8 cP yielding an 
intercept of 2.95± 0.02 and a gradient of 0.040± 0.003, as shown in Figure 4. 
9(b). The value of 0r  is calculated to be 0.34, and it is similar to that obtained 
from Figure 4. 9(a). 
 
(a) 

























Figure 4. 9 A plot of 1−r  versus 49.0−η  for DCVJ (a rearrangement of date for 
FITC from Figure 4. 3) in viscosity between (a) 0.6-600 cP and (b) 4.8-600 cP. 
The value of 0r  can be estimated using eq. 4.3. (a) The grey line with a gradient 
of 0.024± 0.003 and an intercept of 3.05± 0.04 (Adj. R-Square = 0.845). (b) The 
straight line with a gradient of 0.040± 0.003 and an intercept of 2.95± 0.02 (Adj. 
R-Square = 0.934).  
 
According to eq. 4.3, it appears a straight line on the plot of 1−r  versus 1−αη , 
and the inverse of intercept is the initial anisotropy. A plot of 1−r  versus 1−αη  for 
BODIPY-C12 from two data sets is shown in Figure 4.10.  
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Figure 4.10 A plot of 1−r  versus 1−αη  for BODIPY-C12 in methanol/glycerol 
mixtures. The value of 0r  can be estimated using eq. 4.3. (a, b) The data is from 
Figure 4. 3. (c-e) The data set is from Figure 4. 7(a), and there are two α  
values, which is 0.2 in low viscosities, and 0.55 in high viscosities. (c) has 2-axis 
labels. The red points denote the data in low viscosities. The black points 
denote in high viscosities. The grey straight lines are the best fit to the data. 








The intercept was found to be 2.18± 0.30, and 0r  was in a region of 0.47± 0.06 
for the steady-state fluorescence anisotropy measurement using a NA=0.75 
objective lens (Figure 4.10(a, b)). In general, the maximum of r is 0r , and 0r  is 
0.4 for fluorophores in isotropic solutions using one-photon excitation. Moreover, 
a high NA objective lens results in a decrease in anisotropy.  
 
The second data set is from the time-resolved fluorescence anisotropy 
measurement using a NA=1.2 objective lens (in section 4.3.2). There are two 
α
 for BODIPY-C12 among the viscosity form 0.6 cP to 600 cP according to eq. 
2.10 (see Figure 3. 9). Therefore, two relationships between  1−r  vs. 1−αη  for 
BODIPY-C12 are shown in Figure 4.10(c). The value of α  is 0.2 in low 
viscosities, and 0.55 in high viscosities. For low viscosities, a negative intercept 
was found and yielded a wrong value of 0r , as shown in Figure 4.10(e). The 
value of 0r  is the intrinsic property of a fluorophore, and it would not change 
due to different solvent. If the setup could not be recorded the correct polarized 
fluorescence components due to a fast rotation, then the value of r is wrong. 
Hence, it could not be used to extract 0r  precisely. 
 
In contrast, an intercept of 4.66± 0.07 is found in high viscosities ( 55.0=α ), 
and 0r  is calculated to be 0.22. Furthermore, the value of 0r  and the constant of 
eq. 4.3 is in agreement with the results from time-resolved fluorescence 
anisotropy measurements (section 4.3.2) and fluorescence lifetime versus 
viscosity (section 3.2.5).  
 
There is a requirement for the relation between anisotropy and viscosity of a 
freely rotation fluorescent molecule (eq. 4.3), which is that the orthogonally  
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polarized fluorescence decays should be precisely collected. In other words, the 
correct 0r  can be observed on time-resolved fluorescence decay.  
 
4.3.4 Combination of Lifetime and Rotational Correlation Time of 
BODIPY-C12 in Methanol/Glycerol Mixtures 
It has been demonstrated that the fluorescence lifetime of BODIPY-C12 is a 
function of the viscosity according to the Förster-Hoffmann equation (eq. 2.10). 
The rotational correlation time increases linearly with the viscosity based on the 
Stokes-Einstein-Debye equation (eq. 2.28). Hence, a combination of eq. 2.10 
and eq. 2.28 shows that the fluorescence lifetime of the BODIPY-C12 








Tk loglogloglog ++= αθατ                                 (4. 4) 
 
On the basis of this theory (eq. 4.4), a plot of logarithmic fluorescence lifetime 
versus logarithmic rotational correlation time is predicted to be linear. Such a 
plot is independent of η , and the gradient is the same as the gradient of the plot 
for fluorescence lifetime vs. viscosity both in logarithmic scales (see Figure 3. 9). 
 
The fluorescence lifetime versus the rotational correlation time of BODIPY-C12 
is plotted with double logarithmic scales in Figure 4.11. According to eq. 4.4, a 
straight line is able to fit the data of the plot (Figure 4.11). The gradient of the 
straight line (see grey line in Figure 4.11) is 0.53± 0.04 with the intercept of -
0.23± 0.03 for the results from Table 4. 1 and it is in good agreement with the 
previous results in section 3.2.5. The blue line describes the data points from 
the literature,128 and the gradient is 0.53± 0.09 with an intercept of -0.02± 0.07.  
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The green line is used to describe the all data points based on eq. 4.4, and the 
slope is 0.56± 0.06 with an intercept of -0.16± 0.04. It was found that the slopes 
for all fitting results are consistent, but with a different intercept. The reason for 
a different intercept between two sets of data is a different quantum yield. The 
fluorescence quantum yield of BODIPY-C12 has been reported100 and it is higher 
than that in the measurements in section 3.2.4, resulting in a different z  
constant of eq. 2.9 and therefore changes the intercept according to eq. 4.4. 
Moreover, the radiative rate constant calculation is based on the fluorescence 
quantum yield and fluorescence lifetime, and the radiative rate constant is 
different for the two sets of data. The radius of the molecule is the same for 
these two sets of measurements, so the different intercept according to eq. 4.4 
results from a different 
r













Rotational correlation time (ns)
 
 
Figure 4.11 The relationship between fluorescence lifetime and rotational 
correlation time of BODIPY-C12 in methanol/glycerol mixtures. (1) denotes the 
data from Table 4. 1, (2) denotes the data from Figure 4.14 and (3) denotes the 
results from the literature.128 A straight line (grey) is used to fit the data (1) 
according to eq. 4.4, the blue line is for the data (3) and the green line is for all 
data points (1-3). 
 
A set of fluorescein in NaOH/glycerol mixtures with different viscosities was 
prepared to study the relationship between lifetime and rotational correlation 
time for a rigid molecule. The fluorescence lifetime versus rotational correlation 
time of fluorescein is illustrated in Figure 4. 12, which shows a decrease in the 
fluorescence lifetime from 3.7 to 3.2 ns. This can be explained using eq. 1.2 and  
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eq. 2.11 which reports that 21 nf ∝
−
τ , assuming the same fluorescence quantum 
yield for all mixtures. The refractive index of the mixtures is in the region of 
1.409-1.474. An increasing refractive index results in a decreasing lifetime. To 
sum up, the relationship between fluorescence lifetime and rotational correlation 
time shows a completely different trend for rigid molecules and fluorescent 
















Rotational correlation time (ns)
 
 
Figure 4. 12 The fluorescence lifetime versus rotational correlation time of 
fluorescein in different ratios of 0.1M NaOH/glycerol. This is a rigid fluorescent 
molecule, not a fluorescent molecular rotor. 
 
4.4 Time-Resolved Polarization Fluorescence of BODIPY-C12 in 
cells 
4.4.1 Experimental Section 
HeLa cells were cultured in DMEM with 10% FBS, 1% 1x non essential amino 
acid, 1 mM sodium-pyruvate and 0.1 % penicillin/streptomycin on a 75 cm2 
culture flask (Greiner) in an incubator at 37°C in a 95% air/5% CO2. The cells 
were transferred to a 6-well glass bottom plate (WaferGen smartslide-6TM micro-
incubator) and incubated for one night. The medium was replaced with 
OptiMEM prior to staining dye and imaging. 
 
Chapter 4 




For staining, a volume of 20 µl of BODIPY-C12 (2.65 mM) was added into a well 
of a micro-incubator and slightly shaken, then placed into an incubator for 30 
minutes. The medium was removed and the cells were washed with clear 
DMEM five times. Finally, a well of the micro-incubator was filled by DMEM at 
37°C with 5% CO2 atmosphere and was placed on the stage of the confocal 
fluorescence microscope to carry out time-resolved fluorescence anisotropy 
experiments. The imaging procedure is same as in section 4.3.1. 
 
4.4.2 Rotational Correlation Time of BODIPY-C12 in Cells 
The tr-FAIM measurements were implemented at 37°C and 5% CO2 to keep the 
cells physiologically alive. An exposure time for this experiment did not exceed 
more than 15 minutes. However, the number of photons in a single pixel is still 
not enough to have a good statistical analysis of time-resolved fluorescence 
anisotropy decay, even using a long exposure time. The accumulation time 
could not be too long; otherwise the cells die or change the morphology. Hence, 
pixel binning is used to process the time-resolved fluorescence anisotropy data.  
 
The fluorescence decays with two orthogonal polarizations which are in parallel 
and perpendicular directions with respect to the incident light are recorded. We 
used TRI2 software to produce the fluorescence anisotropy decays. The 
fluorescence intensity image of BODIPY-C12 in HeLa cells are shown in Figure 
4.13(a). The fluorescence decays and the corresponding fluorescence 
anisotropy decays of lipid droplets and the regions outside lipid droplets are 
illustrated in Figure 4.13(b-e). Combination of fluorescence decays using the 
denominator of eq. 1.18 leads the fluorescence decay of a fluorophore. The 
fluorescence intensity for both polarizations is over 10,000 counts in the peak, 
and therefore it should have a good statistical accuracy. A bi-exponential 
function was used to fit the fluorescence decays (Figure 4.13), the lifetimes for 
lipid droplets were found to be 1.26 ns and 3.77 ns; 1.4 ns and 3.79 ns for the 
regions outside lipid droplets.  
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For the analysis of time-resolved fluorescence anisotropy decays, a 
monoexponential decay function was not able to yield a good fit. The anisotropy 
decays of BODIPY-C12 in two different regions show a “dip-and-rise” curve (see 
Figure 4.13(d-e)). Accordingly, we have to use other models to describe the 
anisotropy decay which is called associated anisotropy.1 This “dip-and-rise” 
phenomenon has been reported using different fluorescent molecules applied in 
cells.123, 197-201 It consists of two distinct lifetimes and two distinct rotational 
correlation times in a system which form a “dip-and-rise” anisotropy decay. Here, 
some models for fitting associated anisotropy are considered and the 
mathematics formulae are listed below.202 
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Figure 4.13 (a) The fluorescence intensity image of HeLa cells stained with 
BODIPY-C12. (a-I), (a-II) and (a-III) denote total intensity, intensity in 
perpendicular direction and intensity in parallel direction to the incident light, 
respectively. (b) The intensity decay of BODIPY-C12 in puncta (green mask of a-
IV), and (d) the corresponding time-resolved anisotropy decay with (f) the 
residuals. (c) The intensity decay and (e) time-resolved anisotropy decay with (g) 
the residuals of BODIPY-C12 in the regions outside puncta (green mask of a-V).  
(I)                     (II)                 (III)               (IV)               (V) 
10 µm 
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The time-resolved fluorescence anisotropy decay, )(tr , for the unrestricted 
isotropic rotations of fluorophores which have two lifetimes in a heterogeneous 


























=                                 (4. 5) 
 
where τ  is the fluorescence lifetime, 0r  is the initial anisotropy, θ  is the 
rotational correlation time of the fluorophore, and A  is the amplitude of the 
fluorescence lifetime. The subscripts 1 and 2 refer to component 1 and 
component 2. When the dye has a longer lifetime, a greater rotational 
correlation time and less population related to the other one, the dip-and-rise 
curve is observed. 
 
In another case, a different type of associated anisotropy can occur. The 
fluorophores have two lifetimes in a heterogeneous environment. One 
fluorophore rotates freely, and the other is bound to a big object which rotates. 
The rotational correlation time of the object is of the same order of the lifetime, 





























=                 (4. 6) 
 
where b is the limiting anisotropy, pθ is the rotational correlation time of the 









Here is the other case which results in a dip-and-rise curve of the time-resolved 
fluorescence anisotropy decay. The following formula is used to describe more 
complex systems. The fluorophore with a hindered rotation has two lifetimes in 
a heterogeneous environment. In addition, the fluorophores attached to a 
particle rotate together. If the particle has a significant size, the last exponential 
term in the numerator becomes one. Consequently, the rotational particle 
cannot be observed in the fluorescence decay. If the values of pθ  and 2τ  are in 
the same order, the signal from the rotation of a particle would contribute to the 
































where the parameters are the same in eq. 4.6. For example, associated 
anisotropy occurs in the situation where the rotational correlation time is the 
same for all dyes but there are more dyes with a shorter fluorescence lifetime 
and a greater limiting anisotropy and fewer dyes with a longer fluorescence 
lifetime and a lower limiting anisotropy. 
 
In order to get the rotational mobility of dye in cells, the values of the initial 
anisotropy, fluorescence lifetimes and relative proportion of two lifetimes were 
fed into these equations (eq. 4.5-4.7). It was found that the errors for unknown 
parameters are too big. It has been reported and discussed in section 4.3.4 that 
the fluorescence lifetime of BODIPY-C12 is related to the rotational correlation 
time according to eq. 2.10 and eq. 2.28. Hence, the ratio of two rotational 
correlation times was also fed into the equation, and it can be correlated using 
















1 =                                                                    (4. 8) 
 
where τ , θ  are fluorescence lifetime and rotational correlation time of 
fluorophores with the subscripts 1 and 2 referring to the components from the 
shorter lifetime and the longer lifetime, respectively. The value of α  is the same 
as eq. 2.10. 
 
The results show that eq. 4.6 for BODIPY-C12 in lipid droplets of this cell (see 
Figure 4.13(a, IV)) leads to the better description of the dip-and-rise behaviour. 
In Figure 4.13, it was found that the rotational correlation time of BODIPY-C12 in 
lipid droplets is 1.03 ns for the shorter lifetime with a free rotation. The rotational 
correlation time is 7.55± 0.38 ns, and the limiting anisotropy is 0.11± 0.01 for 
the longer lifetime of BODIPY-C12.  
 
For the regions outside lipid droplets, the best fit model to describe the decay is 
eq. 4.7. The rotational correlation time of the shorter lifetime component is 1.17 
ns, and the limiting anisotropy is 0.06 ± 0.02. The second restricted rotation 
molecules with the longer lifetime have a rotational correlation time of 
7.17± 0.85 ns, and the limiting anisotropy is 0.14± 0.01. The viscosities were 
converted using the calibration (Table 4. 1). The viscosities in lipid droplets 
were found to be 30 cP and 218 cP. Furthermore, the viscosities for the regions 
outside the lipid droplets are 34 cP and 207 cP.  
 
We use the models (eqs. 4.5-4.7) to fit some time-resolved fluorescence 
anisotropy decays of BODIPY-C12 in cells. There are two lifetimes and two 
rotational correlation times in lipid droplets and in the regions outside droplets. 
In addition, there are more BODIPY-C12 fluorophores with a shorter 
fluorescence lifetime and fewer BODIPY-C12 fluorophores with a longer 
fluorescence lifetime in both regions. 
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4.4.3 BODIPY-C12 in Methanol/Glycerol Mixtures in a Multiwell plate 
In order to understand this effect, a model system consisting of BODIPY-C12 in 
homogeneous solutions of different viscosities in a multiwell plate. To compare 
the anisotropy decay of the fluorescent molecular rotor in cells and solutions, 
the fluorescence lifetime in solutions similar to that in cells are used to carry out 
experiments. BODIPY-C12 in the mixtures of glycerol/methanol with glycerol 
volume percentage of 45%, 60%, 75% and 90% were individually dropped into 
four separate wells of a 1536-well glass-bottomed plate (Greiner), individually. 
The time-resolved fluorescence anisotropy of the four solutions is measured 
simultaneously and shown in Figure 4.14, with the intensity images illustrated in 
Figure 4.14(a). The number on Figure 4.14(a) denotes the volume fraction of 
glycerol of methanol/glycerol mixtures. From this measurement, the 
fluorescence lifetime and the rotational correlation time of BODIPY-C12 can be 
measured. The fluorescence decays calculated using the denominator of eq. 
1.18 are shown in Figure 4.14(b), and the fluorescence lifetimes are 0.99 ± 0.12, 
1.37± 0.12, 1.92± 0.13 and 3.57± 0.02 ns for the mixtures contained glycerol of 
45%, 60%, 75% and 90%, respectively.  
 
The molecules in each well rotate freely in the solutions, and thus the 
anisotropy decay can be fitted by a monoexponential decay function with 0=∞r . 
The anisotropy decays are shown in Figure 4.14(c). It was found that the 
rotational correlation times are 2.13 ± 0.70, 2.51 ± 1.19, 6.00 ± 2.59 and 
20.82± 3.16 ns for BODIPY-C12 in mixtures with glycerol volume fraction of 45%, 
































































































































Figure 4.14 (a) The two orthogonal polarized fluorescence intensity images, (b) 
fluorescence decays and (c) time-resolved fluorescence anisotropy decays of 
BODIPY-C12 in four mixtures with different ratio of glycerol/methanol (45%, 60%, 
75% and 90% of glycerol). (d) The lifetime histogram of 4 wells individually, 
black denotes 45%, red denotes 60%, green denotes 75% and blue denotes 
90%. 




75%               60% 




75%               60% 
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We combine two wells to create a fluorescence decay and fluorescence 
anisotropy decay. The fluorescence lifetimes of BODIPY-C12 in the mixtures 
containing 60% and 90% of glycerol are similar to the fluorescence lifetime of 
BODIPY-C12 in cells. If 60% and 90% V/V glycerol/methanol solutions in a well, 
the fluorescence and anisotropy decay can be created using the information 
from Figure 4.14(b).  
 
By binning the fluorescence decays from two individual wells each containing a 
homogeneous solution, we mimic a heterogeneous environment consisting of 
two different viscosities. We therefore expect a double-exponential fluorescence 
decay, with one decay time reporting the viscosity in one well, and the other 
decay time reporting the viscosity in the other well. This is shown in Figure 
4.15(a, b), which shows 60% and 90% glycerol. A straightforward visual 
inspection shows that the decay is not mono-exponential, as expected. A bi-
exponential function is used to fit the fluorescence decay. The fluorescence 
lifetimes of BODIPY-C12 in the solutions with combination of 60% and 90% are 
1.28± 0.01 ns and 3.40± 0.06 ns which is in agreement with the results from the 
individual solutions by fitting a monoexponential function. 
 
The corresponding fluorescence anisotropy decay can be calculated using eq. 
1.18 (see Figure 4.15(c)). Again, a visual inspection reveals the similarity of the 
decays with those observed in cells in Figure 4.13, i.e. they show a dip-and-rise 
behaviour. Eq. 4.5 is used to fit the time-resolved fluorescence anisotropy 
decay. The rotational correlation times of BODIPY-C12 in the solutions with 
combination of 60% and 90% are 3.03± 0.35 ns and 16.55± 1.18 ns. Again, this 
is in excellent agreement with the individual solution fitting a monoexponential 
fluorescence anisotropy decay function. 
 
A dip-and-rise anisotropy decay can also be seen in Figure 4.15(d), when 
another two wells (45% and 90%) of fluorescence from Figure 4.14 are  
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combined. A bi-exponential function is used to fit the fluorescence decay. The 
fluorescence lifetimes of BODIPY-C12 in the solutions with combination of 45% 
and 90% are 0.90± 0.01 ns and 3.34± 0.06 ns which again is in agreement with 
the results from the individual solutions by fitting a monoexponential decay 
function. 
 
The corresponding fluorescence anisotropy decay can be calculated using eq. 
1.18 (see Figure 4.15(d)). Again, a visual inspection reveals the similarity of the 
decays with those observed in cells in Figure 4.13, i.e. they show a dip-and-rise 
behaviour. Eq. 4.5 is used to fit the time-resolved fluorescence anisotropy 
decay. The rotational correlation times of BODIPY-C12 in the solutions with 
combination of 60% and 90% are 2.10± 0.44 ns and 19.04± 1.26 ns. Again, this 
is in excellent agreement with the individual solution fitting a monoexponential 
fluorescence anisotropy decay function. 
 
For both examples, eq. 4.5 can be used to precisely fit the data points for 
associated anisotropy decay. In addition, when the differences in two 
fluorescence lifetimes and two rotational correlation times are significant, a dip-
and-rise curve is more obvious. We use the procedure of studying a well-
controlled and known system in a multiwell plate to gain insight into unknown 
systems, i.e. cells. On the basis of this, we are more confident that the dip-and-
rise behaviour of a fluorescent molecular rotor in cells reports a heterogeneous 
environment in cells. It does not appear to be an artefact, because this 
behaviour is reproducible in the controlled environment of the multiwell plate 
imaging experiment. 
Chapter 4 








































































Figure 4.15 (a) The orthogonal polarized fluorescence decays, (b) fluorescence 
decay and (c, d) the time-resolved fluorescence anisotropy of BODIPY-C12 
using a combination of the polarized fluorescence decays in two wells. (a-c) 
60% and 90%. (d) 45% and 90% of Figure 4.14.  
 
4.4.4 Steady-State Anisotropy Mapping from Time-Resolved 
Fluorescence Measurements 
The fluorescence decay counts in cells in each pixel were not enough to get 
good statistics for anisotropy decay fitting result in each pixel. Therefore, an 
integration over the decay and a threshold of photons>600 were used to 
calculate the steady-state anisotropy by using Matlab. This is another approach 
to obtain a viscosity map by relating it to the anisotropy (refer to Table 4. 1). The 
code for creating an anisotropy mapping from a time-resolved fluorescence 
anisotropy decay is described in the appendix. The fluorescence intensity image 
and the corresponding steady-state fluorescence anisotropy of BODIPY-C12 in  
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HeLa cell are shown in Figure 4.16. The colour spectrum (see Figure 4.16(c)) is 
from blue to red for the anisotropy value from 0 increasing to approximately 0.3. 
The anisotropy mapping of BODIPY-C12 in puncta regions, i.e. lipid droplets 
appears in blue colour, and the regions outside lipid droplets are mainly in 
yellow. It was demonstrated that an increase in viscosity results in an increasing 
anisotropy. From the histogram of steady-state anisotropy as shown in Figure 
4.16(d), there are two major anisotropy values of 0.143 ± 0.027 and 
0.197 ± 0.031 which correspond to a viscosity of 84 cP and 1185 cP, 
respectively. No ∞r  is taken into account here. 
 
(a)                   (b)                     (c)               
   
(d) 















Figure 4.16 (a) The intensity image, (b) the corresponding steady-state 
anisotropy image with (c) the colour bar and (d) the histogram of BODIPY-C12 in 
HeLa cells. 
 
The viscosities of different regions using different measurements are illustrated 
in Table 4. 2. It appears that the intracellular viscosities are different according 
to the lifetime and anisotropy measurements. The viscosity calculated from the 
lifetime is based on the intramolecular twisting mechanism; however, the 
viscosity calculated from fluorescence anisotropy measurements is based on 
the tumbling of the whole molecule.  
10 µm 
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 Puncta Outside puncta 
HeLa 
cells 
FLIM (a signal pixel) at 32°C ~155 ~241 
FLIM (a signal pixel) at 37°C ~118 ~169 
Time-resolved fluorescence anisotropy  





Steady-state fluorescence anisotropy a  
(a single pixel) at 32°C 
84  1185 
Steady-state fluorescence anisotropy b Up to 70129  
SK-OV-
3 cells 
FLIM at room temperature ~160100 ~260100 
Time-resolved fluorescence anisotropy  
(area binning) at room temperature 




 The values calculated from the time-resolved fluorescence anisotropy 
measurements using a 63x water immersion objective lens (NA=1.2) 
b
 The values calculated from the steady-state fluorescence anisotropy 
measurements using a 63x oil immersion objective lens (NA=1.4)129 
 
From the time-resolved anisotropy measurements, the fluorophores were found 
to rotate restrictively, however fluorescence lifetime measurements cannot 
reveal this phenomenon. Due to hindered rotation of fluorophores in HeLa cells, 
an appropriate steady-state equation in eq. 4.1 is needed to take this effect into 
account. There are two fluorescence lifetimes in pixel binning of polarization-
resolved fluorescence imaging, and the fluorescence lifetimes of BODIPY-C12 in 
lipid droplets is similar to that outside lipid droplets. The results of fluorescence 
decay fitting indicate the fluorescence of BODIPY-C12 with the shorter lifetime 
contributes more than that with the longer lifetime to the total fluorescence 
decay. If BODIPY-C12 only tends to be located at the membrane of cells, it may 
explain why the lifetime of BODIPY-C12 in lipid droplets and the regions outside 
lipid droplets are similar via pixel binning in time-resolved fluorescence 
anisotropy measurements. The components of lipid droplets and the 
membranes of ER consist of lipids, proteins etc. Due to a greater contribution of 
BODIPY-C12 with the shorter lifetime to fluorescence decay, we can use a 
monoexponential decay function to fit the fluorescence decay in a few binned 
pixels measured via FLIM. It can be seen that the fluorescence lifetime of  
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BODIPY-C12 in lipid droplets is shorter than that outside lipid droplets for lifetime 
and time-resolved fluorescence anisotropy measurements.  
 
The steady-state anisotropy in cell environments does not take ∞r  into account. 
We simulate fluorescence decays of a fluorophore with the same fluorescence 
lifetime and rotational correlation time but different ∞r , and the decays is shown 
in Figure 4.17(a), and the corresponding anisotropy decay is shown in Figure 
4.17(b). By binning the fluorescence decays from two orthogonal polarized 
decays, the steady-state fluorescence anisotropy can be calculated using eq. 
1.17. The steady-state anisotropy for the fluorophore with a lifetime time of 2 ns, 
rotational correlation time of 2 ns and ∞r =0 is 0.20. In contrast, the steady-state 
anisotropy for the fluorophore with a lifetime time of 2 ns, rotational correlation 
time of 2 ns and ∞r =0.1 is 0.25. For the anisotropy for fluorescent molecules 
with the same rotational correlation time, the hindered rotation produces an 
overestimate.   
 
A calibration of anisotropy versus viscosity based on eq. 4.1 is for a freely 
rotational fluorophore. In our case, BODIPY-C12 in cells has been found to 
rotate restrictively. According to the simulation, the hindered dye compared to 
the freely rotational dye results in a higher steady state anisotropy.  Hence, the 
viscosity measured based on the steady-state fluorescence technique using 
BODIPY-C12 and the calibration (Table 4. 1) may overestimate viscosity. 
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Figure 4.17 (a) Fluorescence decays of a fluorophore with a fluorescence 
lifetime of 2 ns, a rotational correlation time of 2 ns, 0r =0.4 and (A: parallel 
decay, B: perpendicular decay) ∞r =0, (C: parallel decay, D: perpendicular 
decay) ∞r =0.1. (b) Fluorescence anisotropy decay for the cases with ∞r =0 
(black line) and ∞r =0.1 (blue line). 
 
4.4.5 Combination Fluorescence Lifetime and Rotational Correlation 
Time of BODIPY-C12 in Cells 
The relationship between fluorescence lifetime and rotational correlation time 
for BODIPY-C12 in HeLa cells and methanol/glycerol solutions is compared in 
Figure 4.18. The black data points denote the BODIPY-C12 in solutions, the 
green points are in lipid droplets, and orange points denote the region outside 
lipid droplets. The data points for BODIPY-C12 in HeLa cells do not lie on the 
straight line of BODIPY-C12 in methanol/glycerol mixtures (Figure 4.18). In other 
words, the fluorescence properties of BODIPY-C12 in cells are not in agreement 
with that in solutions. It has been reported that there are straight lines with the 
same gradient but different intercept in the plot of double logarithmic scale of 
lifetime and viscosity.120 According to Peng and his co-workers’ investigation, 
the fluorescent molecular rotors in the same viscosity but different solvents 
could cause different fluorescence lifetime. It means the constant z  of eq. 2.9 
and eq. 2.10 changes in different solutions. Therefore, fluorescent molecular 
rotors in different environments could follow a straight line but different intercept 
on a plot of log lifetime versus log rotational correlation time. This is an 
explanation why there is a discrepancy in the relationship between lifetime and  
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rotational correlation time of BODIPY-C12 in cells and methanol/glycerol 




















Figure 4.18 The relationship between the fluorescence lifetime and rotational 
correlation time of BODIPY-C12 in methanol/glycerol mixtures from (,  and ) 
Figure 4.11, and cell environments ( denotes lipid droplets, and  denotes the 
regions outside lipid droplets). The light green line is used to describe the 
behaviour of BODIPY-C12 in cells. 
  
4.5 Fluorescence Lifetime and Rotational Correlation Time of 
BODIPY-C12 in Silicone oil 
The relationship between lifetime and rotational correlation time of BODIPY-C12 
in cells is different to that in methanol/glycerol solutions. Hence, another solvent 
has been proposed to use. We prepared a stock solution of BODIPY-C12 in 
Heptane, and a set of silicone fluid (XIAMETER PMX-200, Dow Corning) whose 
viscosity is from 100 centiStokes (cSt) to 1000 cSt with a constant dye 
concentration of 16.5 µM.  
 
Here, we measured the fluorescence decays of BODIPY-C12 in silicone oils 
shown in Figure 4.19. A monoexponential decay function was used to fit the 
fluorescence decays. The fluorescence lifetimes are listed in Table 4. 3. The  
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fluorescence lifetime is almost the same in silicone oil regardless of variations of 
viscosity.  





































Figure 4.19 The fluorescence lifetime of BODIPY-C12 in solutions. The symbol 
from A to L denotes different viscosity solvents with an increasing tendency, 
and the solvent description is illustrated in Table 4. 3. 
 
Table 4. 3 Viscosity, lifetime and rotational correlation time of BODIPY-C12 in 
silicone oil. 
 
Symbol Solvent descriptions η  (cSt) 
at 25°C 






A Heptane - 0.386 0.607  
B 100 cSt 100 96b 0.517 0.26 
C 1.8 ml 100 cSt + 0.2 ml 1000 cSt 190a - 0.519 0.38 
D 1.6 ml 100 cSt + 0.4 ml 1000 cSt 280a - 0.518 0.35 
E 1.4 ml 100 cSt + 0.6 ml 1000 cSt 370a - 0.521 0.33 
F 1.2 ml 100 cSt + 0.8 ml 1000 cSt 460a - 0.524 0.34 
G 1.0 ml 100 cSt + 1.0 ml 1000 cSt 550a - 0.524 0.32 
H 0.8 ml 100 cSt + 1.2 ml 1000 cSt 640a - 0.526 0.35 
I 0.6 ml 100 cSt + 1.4 ml 1000 cSt 730a - 0.530 0.34 
J 0.4 ml 100 cSt + 1.6 ml 1000 cSt 820a - 0.531 0.31 
K 0.2 ml 100 cSt + 1.8 ml 1000 cSt 910a - 0.534 0.31 
L 1000 cSt 1000 967b 0.535 0.36 
 
a
 The intermediate viscosity is calculated using 2211 ηηη VVmix += , where 1V , 2V  
are the volume fraction of 100 cSt and 1000 cSt of silicone oil.  
 
bThe specific gravity for 100 cSt and 1000 cSt silicone fluids is 0.964 and 0.970 
at 25°C,203 and the density of water is 0.9971 g/ml at 25°C.204 Hence, the 








In addition, the result shows the fluorescence lifetime of BODIPY-C12 in 
methanol (280 ps, section 3.2.5) is lower than that in heptane (607 ps). 
However, the viscosity of methanol (0.6 cP) is higher than that of heptane 
(0.386 cP). According to the Förster-Hoffmann equation (eq. 2.10), fluorescence 
lifetime increases with increasing viscosity. It has been reported that the 
fluorescence lifetime of crystal violet apparently increases with decreasing 
solvent dielectric constant, at same viscosity, and a hypothesis that the variation 
of solvent dielectric constant results in a different potential surface during the 
relaxation process was proposed.205 If the relaxation mechanism of BODIPY-
C12 in non polar solvents is different to that in polar solvents, then it could be an 
explanation why the fluorescence properties behave in different ways. 
 
A small hint of different relaxation state of BODIPY-C12 in methanol/glycerol 
mixtures and silicone oil can be seen form a comparison of emission spectrum 
of BODIPY-C12 shown in Figure 4.20. It has been shown that the emission 
spectrum of BODIPY-C12 in methanol/glycerol solutions red shifts as the 
refractive index increases (see section 3.2.3). It seems that the emission 
spectra of BODIPY-C12 are different in silicone oil and methanol/glycerol 
mixtures. The refractive index of 40% V/V glycerol was measured to be 1.4037 
(see Table 3. 1), which is similar to that of silicone fluids (n=1.4030 for 100 cSt 
and 1.4035 for 1000 cSt),203 but viscosity and dielectric constant are different. 
The dielectric constant is ~2 for silicone oil206 and 31-39 for methanol/glycerol 
mixtures (Table 3. 1). Moreover, a blue shift of the emission spectrum of 
BODIPY-C12 is found for an increase in refractive index of silicone oils, which is 
the opposite with respect to the relationship between emission spectrum and 
refractive index in methanol/glycerol mixtures. However, from this information 
alone, we could not make a conclusion that only dielectric constant influences 
the relaxation mechanism for BODIPY-C12.  
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Figure 4.20 Emission spectrum of BODIPY-C12 in silicone fluids of (A) 100 cSt 
and (B) 1000 cSt, and methanol/glycerol mixtures with (C) 40% of glycerol and 
(D) 90% of glycerol.  
 
The rotational correlation times of the dye in silicone oils were also measured. 
The polarization fluorescence and anisotropy decays of BODIPY-C12 in viscosity 
of 100 and 1000 cSt silicone oil are shown in Figure 4.21. Figure 4.21(a-b) 
shows a fast rotation of BODIPY-C12 due to the overlapping of the orthogonal 
polarized fluorescence decay before the lifetime. The rotational correlation time 
of dye were found to be 0.3-0.4 ns in the viscosity range of 100-1000 cSt. 
These seem to be no correlation between viscosity and rotational correlation 
time exists among these fluids. There are few hypotheses for that, first, 
BODIPY-C12 in silicone oil has different sensitivity. It may have the same 
tendency like Figure 3. 9 but at different viscosity regime. Second, the 
relaxation mechanism of BODIPY-C12 for non-polar solvents may be different 
for polar environments. A further study is necessary in order to understand the 
different behaviour for BODIPY-C12 in silicone oil.  
 
The details of BODIPY-C12 in silicone oils are illustrated in Table 4. 3. A 
comparison of fluorescence lifetime versus rotational correlation time of 
BODIPY-C12 is illustrated in Figure 4.22. It seems that silicone oil is still not an 
appropriate medium to describe the behaviour of BODIPY-C12 in cells, i.e. the 
data points do not lie on the same straight line.  
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Figure 4.21 The orthogonal polarized fluorescence decays of BODIPY-C12 in (a) 
100 and (b) 1000 cSt silicone oils. (c) The anisotropy decays for (A) 100 cSt 
and (B) 1000 cSt silicone oils. In panel a and b, the red line denotes the 
fluorescence decay in parallel polarization compared to the incident light, and 
the black line denotes the fluorescence decay in the perpendicular polarization. 
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Figure 4.22 The relationship between fluorescence lifetime and rotational 
correlation time of BODIPY-C12 in () silicone oil, HeLa cells and 
methanol/glycerol mixtures (the data are the same as in Figure 4.18). 
 
4.6 Summary 
By combining the Perrin equation and the Stokes-Einstein-Debye equation with 
the Förster-Hoffmann equation, a theoretical framework is created which means 
the anisotropy of a fluorescent molecular rotor can quantitatively be related to 
viscosity. This is described by eq. 4.1 for not only typical fluorescent molecules 
but also fluorescent molecular rotors. BODIPY-C12 provides a best dynamic 
range in wide range of viscosity. Steady-state polarization-resolved 
fluorescence technique offers a good solution to measure viscosity from 
anisotropy, i.e. it is relatively rapid and easy.  However, hindered rotations 
cannot be identified with this technique, and lead to an overestimation of the 
steady-state anisotropy values. Nevertheless, steady-state anisotropy imaging 
still provides contrast between different regions in cells. 
 
An equation based on the Förster-Hoffmann equation and the Stoke-Einstein-
Debye equation (eq. 4.4) has been made to link the relationship between 
fluorescence lifetime and rotational correlation time for fluorescent molecular 
rotors. The experimental results well overlap with the theoretical framework for 
BODIPY-C12. It has also been demonstrated that the behaviour between  
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fluorescence lifetime and rotational correlation time for fluorescent molecular 
rigid molecules is different. 
 
More information about the interaction between fluorophores and medium can 
be measured using time-resolved fluorescence anisotropy technique. It was 
found that the fluorescent molecular rotor in cells with two different viscosity 
environments results in two fluorescence lifetimes and rotational correlation 
times which may lead a dip-and-rise anisotropy decay. Regarding this 
phenomenon, it has also been explicitly demonstrated that BODIPY-C12 
solutions in multiwell plate perform the same way as BODIPY-C12 in cells. 
However, for a rigid molecule in the same conditions as a fluorescent molecular 
rotor, the anisotropy decay follows an exponential function as expected, and 
shown in the appendix. It was also found that BODIPY-C12 as a fluorescent 
molecular rotor fails to respond to the viscosity in silicone oil with viscosity of 
96-967 cP.  
 
There are heterogeneous environments in lipid droplets and the regions outside 
lipid droplets. From time-resolved fluorescence anisotropy measurements, the 
fluorophore population in low viscosity environments in cells is higher than that 
of high viscosity environments. This also follows from the analysis of FLIM, 
using a monoexponential decay function to fit the decay in each pixel.  
 
All in all, the viscosity of the environment can be measured by BODIPY-C12 via 
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The Dipole Moment of a Fluorophore Relative to the 
Solvent Refractive Index  
 
5.1 Introduction 
The variation of the radiative rate of a fluorophore is proportional to the square 
of the refractive index of the solution according to the Strickler-Berg formula (eq. 
2.11).77, 207 This is predicted theoretically and has been demonstrated 
experimentally by measuring the fluorescence lifetime and fluorescence 
quantum yield as a function of the refractive index of the fluorophore’s 
environment. The refractive index is the ratio of the speed of light in vacuum 
divided by the speed of light in the medium, and it varies with solvent or the 
pressure. 
 
Dmitri Toptygin et al. has proposed an advanced model (eq. 2.18) where the 
relationship between the radiative rate constant and the refractive index of the 
solution can yield the electronic transition dipole and the shape of the 
fluorescent molecule.162 Toptygin and his research group have successfully 
extracted the information of a tryptophan residue in a protein using eq. 2.18. 
The electronic transition dipole moment is associated with the transition 
between two states, and its magnitude can be also calculated through the wave 
functions of two electronic states. In this thesis, various fluorescent molecules 
are used to examine this model, e.g. Rhodamine 123 (Rh123), Nile red, 
BODIPY-C12 and its related molecule, PM546. Our results show that Nile red in 
methanol/glycerol mixtures does not follow the model (eq. 2.18), and it could be 
due to the complex fluorescence mechanism of Nile red.  
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The molecular structure of PM546, Nile red and Rh123 is shown in Figure 5. 1. 





Figure 5. 1 The molecular structure of (a) PM546, (b) Rh123, and (c) Nile red.208 
 
5.2 Experimental Section 
Stock solutions of Rh123 (Sigma), PM546 (Exciton), BODIPY-C12 and Nile red 
(Invitrogen) were prepared in methanol. The concentration for Rh123, PM546, 
BODIPY-C12 and Nile red was 1.21 mM, 0.60 mM, 2.65 mM and 0.60 mM, 
respectively. Methanol was mixed with a different ratio of glycerol in order to 
change the refractive index of the solutions. The binary mixtures were made 
from 0% up to 95% of volume fractions of glycerol with the same concentration 
of dye. The final dye concentration for the spectroscopic measurement is 14.5 
µM for Rh123, 2.44 µM for PM546, 13 µM for BODIPY-C12, and 2.51 µM for Nile 
red. The refractive indices of the solutions were measured using a refractometer 
as mentioned in section 2.2.2 and section 3.2.2. The parameters for absorption 
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Table 5. 1 The volume (V) and the concentration ([C]) of dye solutions and 
parameters for absorption and emission spectra measurements. 
 
  PM546 BODIPY-C12 Nile red Rh123 
Stock solution 
concentration (mM) 0.60 2.65 0.60 1.21 
Absorption 
V (ml) 2 2 2 2 
[C] (µM) 2.44 13.00 2.51 14.50 
Scan Speed 
(nm/min) 120 300 120 120 
Slit width (nm) 2 2 2 2 
Emission 
Ex. (nm) 465 473 488 475 
Scan Speed 
(nm/min) 120 300 120 150 
Slit width (nm) 3 2.5 3 7 
 
Fluorescence lifetime measurements were carried out using the pulsed diode 
laser (Hamamatsu, PLP-10 470 nm) at 10 or 20 MHz. TCSPC combined with a 
confocal microscope (Leica, TCS SP2) was used. Individual wells in a 96-wells-
glass-bottom microplate were filled with 200 µl of PM546, Nile red, BODIPY-C12 
and Rh123 solutions. The fluorescence signal was captured through an 
objective (Leica) and a band-pass filter before being collected by a hybrid PMT 
detector. The band-pass filter for Rh123 is 550 nm (Semrock, FF01-550/88-25), 




5.3.1 Absorption and Emission Spectra 
Absorption and emission spectra of PM546 in methanol and glycerol mixtures 
with 10% and 90% of glycerol are shown in Figure 5. 2. The absorption and 
emission spectra show a slight bathochromic shift as the percentage of glycerol 
is increased, that is, the solvent polarity is increased. The spectral position of 
the absorption and emission band can be used to estimate the variation of the 
transition dipole moment of a fluorophore using three solvatochromic models. 
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Figure 5. 2 The absorption (dashed line) and emission spectra (solid line) of 
PM546 in the mixtures with volume percentage of 10% (black) and 90% glycerol 
(grey). 
 
Here, the solvatochromic methods (eq. 2.21 – eq. 2.26) are used to estimate 
the dipole moments of fluorophores. The absorption and emission peaks of 
PM546 show a linear increase with a increasing on refractive index (see Figure 
5. 3(a)). The y-axis values for eq. 2.21 and 2.23 are Stoke shifts, and the 
difference between two models is the x-axis is using different parameters to 
present the solvent polarity function. It results in different intercept and gradient 
of the plot according to eq. 2.21 and eq. 2.23. It can be seen there is a linear 
relationship between the Stokes shift and the solvent polarity function for 
PM546 using eq. 2.21 and eq. 2.23, as shown in Figure 5. 3(b, c). A small 
Stokes shift is observed for PM546 in methanol/glycerol solutions in this 
experiment, and it is consistent with the theoretical calculation195 and other 
experimental results209 for PM546. It has been suggested that a small Stokes 
shift results from a similar geometry in the ground and excited state.195  
 
The Stokes shifts for PM546 in all solution are similar, and thus the differences 
of dipole moments in each solvent are similar according to eq. 2.21 and eq. 
2.23. A finding of ge µµ > for PM546 in methanol and glycerol mixtures is 
observed due to a negative gradient in Figure 5. 3(d) according to the Kawski-
Chamma-Viallet’s model (eq. 2.25). However, the theoretical calculation shows 
ge µµ < .
195
 The solvent is different in the experiment and the theoretical  
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calculations and this probably yields the different results. In other words, the 










































































































Figure 5. 3 (a) Absorption and emission peaks of PM546 in methanol/glycerol 
solutions. The variation of Stokes shift of PM546 with F1 (b) and F2 (c) in 
methanol/glycerol mixtures. (d) The relationship between arithmetic mean of 
Stokes-shift and F3 of PM546 in mixtures of glycerol and methanol. 
 
Using the fluorescence quantum yield (Φ ) of PM546 in methanol as a reference, 
Φ=0.99,210 correcting the emission intensity for a slight concentration difference 
and assuming the same extinction coefficient of PM546 in mixtures, the 
quantum yield of PM546 in mixtures can be calculated from eq. 3.2. Errors in 
the calculation of fluorescence quantum yield may be produced due to this 
assumption. The calculated fluorescence quantum yield of PM546 in the  
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solutions is shown in Figure 5. 4. The fluorescence quantum yield of PM546 is 
in the range of 0.92 to 1.01 over the squared refractive index of 1.70 to 2.20. 
The value of Φ  should be no more than 1, and within the standard deviation of 
the results, this is the case Φ  of PM546 in the solutions is constant. 
 



















Figure 5. 4 A plot of fluorescence quantum yield versus the squared refractive 
index of solvents for PM546 in methanol/glycerol mixtures. 
 
The quantum yield (Φ ) can be estimated from another point of view too. The 
radiative rate constant (
r
k ) of a fluorescent molecule is a function of the square 
of the medium refractive index ( n ) according to eq. 2.11. Using this concept 
















0 nkk rr ⋅=                                                                   (5. 2) 
 
Figure 5. 5 shows a relationship between fluorescence quantum yield and the 
squared refractive index for fluorescence quantum yield of 0.40 and 0.94 in 
refractive index of 1.33 according to eq. 5.1. If the non-radiative rate constant is 
constant and the radiative rate constant obeys eq. 2.11, the quantum yield of a  
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fluorophore increases with refractive index of solution. The effect of the 
refractive index on the quantum yield is larger for small quantum yields than for 
high quantum yields. It is approaching 1 if the refractive index=∞  based on eq. 
5.1. 
 




























Figure 5. 5 Simulation the relationship between quantum yield and the squared 
refractive index according to eq. 5.1. The fluorescence quantum yield trend is 
estimated assuming the non-radiative rate constant is independent on refractive 
index for a quantum yield of (A) 0.94 and (B) 0.40 in n=1.33.  
 
The fluorescence quantum yield of a dye also varies with the refractive index of 
a medium. Using eq. 5.1, the quantum yield of PM546 is 0.99 in methanol and 
0.99 in 90% V/V glycerol. Thus, in this case the fluorescence quantum yield of 
PM546 in the mixtures is constant.  
 
5.3.2 Lifetime 
The normalized fluorescence decay of PM546 in mixtures is shown in Figure 5. 
6. The notes in the figures present the volume fraction of glycerol in the binary 
mixtures. A monoexponential decay function is used to fit the fluorescence 
decay, and the lifetimes are listed in Table 5. 2. It can be seen that there is a 
slight decrease of fluorescence lifetime when the ratio of glycerol increases. 
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Figure 5. 6 The fluorescence decay of PM546 in mixtures of methanol and 
glycerol. The percentage values indicate the glycerol percentage. 
 
Table 5. 2 The refractive indices and fluorescence lifetime of PM546 in 
methanol/glycerol solutions, respectively. 
 
Volume % of glycerol Refractive index fτ  (ns) 
0 1.328 5.64 
10 1.348 5.54 
20 1.367 5.44 
30 1.383 5.37 
40 1.399 5.30 
50 1.414 5.23 
60 1.427 5.16 
70 1.441 5.10 
80 1.451 5.02 
90 1.463 4.95 
 
A plot of the inverse fluorescence lifetime versus the square of the refractive 
index is shown in Figure 5. 7. The rate constants of fluorescent molecules can 








                                             (5. 3) 
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The intercept was found to be (6.36± 0.35)×107 s-1, and the value of 0rk  is the 
slope, which is (6.37± 0.18)×107 s-1. This model assumes a fixed non-radiative 
rate constant for PM546 among methanol/glycerol solutions. In order to validate 
the fitting results, a check of the fluorescence quantum yield of PM546 between 
the literature and a calculation using the fitting results (Figure 5. 7) has been 
made. A fluorescence quantum yield can be calculated using the values from 
the fitting results, resulting in Φ  of 63% in the refractive index of 1.33. However, 
Φ  of PM546 is 0.99.210 Therefore, the model underestimates Φ for PM546 in 
methanol/glycerol mixtures. In this case, the non-radiative rate constant may not 
be a constant. 
 
















Figure 5. 7 The inverse lifetime of PM546 versus the square of the refractive 
index of the mixtures.  
 
The radiative rate constant of a fluorescent molecule can be calculated using 
the definition of fluorescence lifetime and fluorescence quantum yield (eq. 1.1 
and eq. 1.2), if the fluorescence lifetime and fluorescence quantum yield are 
known. The radiative and non-radiative rate constants were calculated from the 
data, and a plot of the radiative rate constant versus the squared refractive 
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Figure 5. 8 (a) The radiative rate constant of PM546 in the methanol/glycerol 
mixtures. A fit with variable intercept and gradient is shown in solid line and 
variable gradient through zero is shown in dashed line. (b) The non-radiative 
rate constant of PM546 in the mixtures. 
 
According to eq. 2.11, there is a straight line (dashed line) through the zero with 
a gradient of (9.47± 0.06)×10 7 s-1 for the PM546. However, for the best fit of 
the data with a non-zero intercept, a gradient of (6.31± 0.18) ×10 7 s-1 with an 
intercept of (6.29± 0.35)×10 7 s-1 is obtained. This could be due to experimental 
error. 
 
The radiative rate constant of PM546 was calculated from spectroscopy data 
based on eq. 2.11 yielding a value for the expression that is the gradient of 
straight-line fit through the origin in Figure 5. 8 of (1.47 ± 0.06)×108 s-1. The 
experimental results and the theoretical results based on eq. 2.11 are thus not 
in quantitative agreement. An overestimated radiative rate by the Strickler-Berg  
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formula occurs when the geometry of the fluorescent molecules change in the 
excited state via torsional rotation or nonradiative photoisomerization.14 
However, PM546 should be a rigid molecule, so the reason for the 
overestimation is not understood yet. 
 
The non-radiative rate constant of PM546 in the mixtures varies with the 
squared refractive index of the solvents, as shown in Figure 5. 8(b).  
 
5.3.3 The Magnitude of the Electronic Transition Moment 
The experimental data follow the Toptygin et al.’s equation (eq. 2.18) and they 
are shown in Figure 5.9. The values of 1P  and 2P  (eq. 2.19 & eq. 2.20) can be 
calculated from the gradient and intercept of a straight line, which are 4.92×10-3 
cm3/2 s-1/2 and 0.24 respectively. The magnitude of the transition dipole moment 
=µ  7.11 Debye (D) and =µL 0.19 ± 0.02 can be calculated according to eq. 
2.19 and eq. 2.20. The value of µL  is less than 1/3, which means PM546 is an 
ellipsoidal molecule and the transition moment is along the longest axis of 
PM546. The finding is consistent with other reports in the literature for 
pyrromethene dyes. The direction of S0 S1 transition dipole moment is 
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Figure 5.9 Relative variation of the radiative rate with the solvent refractive 
index for PM546. The straight line represents the data following eq. 2.18. The 
gradient of this plot is 203.2± 2.4 cm-3/2 s1/2 and the intercept is 48.1± 4.8 cm-3/2 
s1/2. 
 
The oscillator strength ( f ) of the transition 21 is correlated with the electronic 












µ =                                                         (5. 4) 
 
Here, v  is the wavenumber of energy difference between level 1 and level 2, 
the constant of em is the electron mass, h  is Planck’s constant, c is the light 
speed in vacuum and e  is the charge of an electron. 
 
The value of f was found to be in a range of 0.42 and 1.04 for PM546 using 
density functional theory (DFT), and it depends on the different models of 
DFT.195, 215 The corresponding transition dipole is between 6.5 D and 9.9 D 
using eq. 5.4 and the value of f calculated from the theory. In addition, it is 
approximately 6.9 D using the experimental result ( f =0.453)195  and eq. 5.4. It 
has been reported that the transition dipole of PM546 using some theoretical 
calculation based on DFT overestimates than that obtained from the 
experiment.195 Our result shows that the transition dipole moment of PM546  
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using Toptygin et al.’s model ( =µ 7.11 D) is in excellent agreement with 
literature values. 
 
The dipole moment of BODIPY and its derivatives have been studied using 
theoretical calculations.195, 211, 216 The permanent dipole moment of 3,3’,4,4’-
difluoro-1,3,5,7-tetramethyl-4a-aza-s-indacene (TM-BODIPY) is 3.27 D in the 
ground state, 2.73 D in the excited-state and its electronic transition dipole 
moment is 6.87 D during S0S1 transition.212 The molecular structure of TM-
BODIPY is similar to that of PM546, as shown in Figure 5.10. It can be seen 




Figure 5.10 The structure of TM-BODIPY.212 
 
5.4 BODIPY-C12 
5.4.1 The Magnitude of the Electronic Transition Moment 
A plot of the radiative rate constant of BODIPY-C12 vs. the squared refractive 
index is shown in Figure 5.11. The fluorescence lifetime and the quantum yield 
of BODIPY-C12 mentioned in chapter 3 lead to the radiative rate constant. A 
straight line according eq. 2.11 was used to fit the plot yielding a gradient of 
(4.5± 0.1)×107 s-1 (dashed line in Figure 5.11). A fit with variable gradient and 
intercept results in an inconsistent line to the dashed line, which gradient is 
(8.2± 1.8)×107 s-1 and an intercept is (-7.4± 3.6)×107 s-1. A negative intercept 
has no physical meaning. The fluorophore is a fluorescent molecular rotor, and 
the radiative rate constant is small in comparison to the non-radiative rate 
constant. This would explain the scatter of the data.  
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The radiative rate constant of BODIPY-C12 was calculated from spectroscopy 
data based on eq. 2.11 yielding a value of (1.87 ± 0.07) × 108 s-1 for the 
expression that is the gradient on the plot of 
r
k  vs. 2n , which is similar to that of  
PM546 calculated based on the same method. So the results for the radiative 
rate constant obtained from the gradient of a plot of the time-resolved 
experimental and theoretical results from the Strickler-Berg formula (eq. 2.11) 
do not quite agree. A discrepancy in the radiative rate constant obtained by 
those two methods has been observed for some molecules.156-161 The reason 
for the inconsistent results is that the geometry of the fluorescent molecules 
change in the excited state via torsional rotation or nonradiative 
photoisomerization.14  
 















Figure 5.11 The radiative rate constant of BODIPY-C12 in the mixtures. Solid 
line denotes a straight line with variable gradient and intercept values, and the 
dashed line is for a straight line trough zero. 
 
A relative variation to radiative rate versus the squared refractive index of 
BODIPY-C12 in methanol/glycerol solutions is shown in Figure 5.12. It shows 
that the experimental results present a bigger deviation from a straight line due 
to the scatter of the data points, as explained above. There are approximately 
50% error for the slope and 25% error for the intercept. The values of P1 and P2 
for this fluorescent molecule are 9.70×10-3 cm3/2 s-1/2 and 4.34, respectively. 
The value of =µ 3.24 D and =µL 0.81 ± 0.10 are found. It means the transition 
dipole moment of BODIPY-C12 is 3.24 D. The value of µL  exceeds 1/3, so the  
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direction of the transition dipole moment is along the smallest axis of the 
ellipsoidal molecule.  
 





























Figure 5.12 Relative variation to the radiative rate with the solvent refractive 
index for BODIPY-C12. The straight line represents the data following eq. 2.18. 
The gradient of this plot is 103.13 ± 62.67 cm-3/2 s1/2 and the intercept is 
448.08± 124.36 cm-3/2 s1/2. 
 
5.5 Rh123 
5.5.1 Absorption and Emission Spectra 
The absorption and emission spectra of Rh123 in 10% and 90% of glycerol are 
shown in Figure 5.13. The absorption and emission peaks can be extracted 
from the spectra as shown in Figure 5.14(a). The absorption and emission 
peaks are shifted to a long wavelength when the polarity of the solvent 
increases. In addition, the Stokes shift of Rh123 versus the polarity parameters 
does not show a clear tendency, as shown in Figure 5.14 (b, c). The dipole 
moment of Rh123 in the excited state is greater than the one in the ground state 
due to the negative gradient of Figure 5.14 (d). A radius of 0.51 nm217 is used to 
compute the value of 22 ge µµ − , which is 0.29 D2 calculated by using eq. 2.25. 
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Figure 5.13 The absorption (dashed line) and emission spectra (solid line) of 

























































































Figure 5.14 (a) Absorption and emission peaks of Rh123 in methanol/glycerol 
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The fluorescence decays of Rh123 in the solutions are shown in Figure 5.15. 
The lifetime information is extracted from the decay and shown in Table 5. 3. 
The lifetime of Rh123 in methanol is 3.98 ns, and it decreases when the 
refractive index increases. 
 































Figure 5.15 The fluorescence decay of Rh123 in methanol/glycerol mixtures. 
V/V glycerol is indicated. 
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Table 5. 3 Fluorescence lifetime and the refractive index of Rh123 in mixtures of 
glycerol and methanol. 
 
Volume % of glycerol Refractive index fτ  (ns) 
0 1.330 3.978± 0.003 
5 1.339 3.913± 0.002 
10 1.350 3.880± 0.003 
15 1.359 3.826± 0.002 
20 1.370 3.800± 0.003 
25 1.377 3.731± 0.003 
30 1.387 3.705± 0.003 
35 1.393 3.670± 0.003 
40 1.402 3.662± 0.002 
45 1.408 3.610± 0.002 
50 1.417 3.586± 0.002 
55 1.422 3.556± 0.002 
60 1.428 3.536± 0.002 
65 1.436 3.513± 0.002 
70 1.444 3.505± 0.002 
75 1.447 3.491± 0.002 
80 1.452 3.479± 0.003 
85 1.460 3.470± 0.002 
90 1.466 3.462± 0.002 
95 1.468 3.436± 0.002 
 
A plot of the inverse lifetime versus the squared refractive index of Rh123 is 
shown in Figure 5.16. The experimental results follow a straight line according 
to eq. 5.3. It has a little bend occurring at high containing glycerol solutions. 
These data points will be neglected for the fit. Hence, we used a straight line to 
fit the plot (Figure 5.16) which yield a gradient of (1.13± 0.02)×108 s-1 with an 
intercept of (5.05± 0.38)×107 s-1. The intercept value means the non-radiative 
rate constant is almost the same among the solutions and the gradient value is 
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Figure 5.16 The inverse lifetime of Rh123 versus the quadratic refractive index 
of medium.  
 
The radiative rate constant of Rh123 obtained from the experiment versus the 
squared refractive index is shown in Figure 5.17. The dashed line indicates a 
straight-line fit of the data points through the origin. The gradient is 
(1.19± 0.01)×108 s-1. The grey line is a straight-line fit with a non-zero intercept. 
The gradient is (8.62± 0.26)×107 s-1 and an intercept is (6.55± 0.51)×107 s-1. A 
comparison of the gradient with the relevant term in the Strickler-Berg formula 
shows that (1.510 ± 0.002)×108 s-1. The difference of gradients between the 
experimental and theoretical methods are only approximately 20%, it could 
result from the errors of fluorescence quantum yield on the experimental results 
and variations of the extinction coefficient on the theoretical framework. If these 
effects are taking into account, the radiative rate constant measured 
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Figure 5.17 The radiative rate constant of Rh123 in the mixtures. A straight line 
through zero (grey dashed line), and the best fit for the data points (black line). 
 
5.5.3 The Magnitude of the Electronic Transition Moment 
Toptygin et al.’s model is used to describe the relationship between the 
radiative rate constant and the refractive index of Rh123 in methanol and 
glycerol mixtures. The results are depicted in Figure 5.18. It can be seen that 
the data follow a straight line according to the model. The values of P1 and P2 
calculated from the gradient and the intercept of the plot are 6.428×10-3 cm3/2 s-
1/2
 and 0.4183, respectively. Hence, a value of =µ 8.09 D and =µL 0.30± 0.02 
are obtained. Thus, the intrinsic electronic transition dipole moment is 8.09 D 
along the longest axis of Rh123 molecule and its shape is ellipsoid.   
 























Figure 5.18 Relative variation to the radiative rate with the solvent refractive 
index for Rh123. The straight line represents the data following eq. 2.18. The 
gradient of this plot is 155.57 ± 2.49 cm-3/2 s1/2 and the intercept is 65.1 ± 4.9 
cm-3/2 s1/2. 
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5.6 Nile red 
Nile red has been reported that the fluorescent mechanism involves an 
intramolecular charge transfer state transition.218-220 The polarity of the solvent 
varies the ground and the excited energy states resulting in fluorescence 
wavelength change. The fluorescence lifetime also varies with solvent. This 
molecule is very different to other three molecules studied so far, so we do not 
necessarily expect the theory to hold. However, we apply the theoretical 
framework to examine its behaviour and see how robust it is.  
 
5.6.1 Absorption and Emission Spectra 
The absorption and emission spectra of Nile red in various solutions were 
measured. The spectra of Nile red in mixtures with 10% and 90% glycerol are 
shown in Figure 5.19. A single emission peak appears in the polar solvent, 
which is consistent with results reported in the literature.208 The band peaks 
have red shift when the polarity of the solution increases. The peak position 
versus the refractive index of solutions is shown in Figure 5.20(a). The 
wavelength of the absorption and emission peak increases with the refractive 
index, showing an energy level rearrangement of the dye molecules by the 
solvent molecules. The Stokes shift of Nile red versus the solvent polarity 
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Figure 5.19 The absorption (dashed line) and emission spectra (solid line) of 
Nile red in the mixtures with volume percentage of 10% (black) and 90% 
glycerol (grey). The excitation wavelength for the emission spectra is 488 nm. 
 
(a) 




























































































Figure 5.20 (a) Absorption and emission peaks of Nile red in methanol/glycerol 
mixtures. The solvatochromic methods for Nile red using (b) Lippert’s equation, 
(c) Bakhshiev’s equation, and (d) Kawski-Chamma-Viallet’s equation. 
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According to eq. 2.21, a straight line is used to fit the data on the plot Figure 
5.20(b), yielding a gradient of 1.03×104 cm-1. The difference of dipole moments 
between the ground state and the excited state can be calculated to be 11.4 D 
by using a radius of 0.5 nm.218 Eq. 2.23 fails to estimate the dipole moments of 
Nile red, i.e. a non-linear relationship between the Stokes shift and the polarity 
function. The plot of Figure 5.20(d) shows a linear negative function for variation 
of Stokes shift versus the polarity function ( 3F ). The value of  22 ge µµ −  is 0.90 
D2 by using eq. 2.25 when a radius of 0.5 nm is used for this molecule.  
 
The fluorescence quantum yield of Nile red in methanol is 0.22 and it decreases 
with an increase in polarity.219 The fluorescence quantum yield of Nile red in the 
mixtures is calculated by comparison with that of methanol using eq. 3.2. The 
calculated fluorescence quantum yield of this fluorophore versus the refractive 
index of solutions is shown in Figure 5.21. The fluorescence quantum yield of 
Nile red decreases as the refractive index increases, which is in agreement with 
the literature. The fluorescence quantum yield behaviour of Nile red is different 
to that in Figure 5. 5. The fluorescence properties are listed in Table 5. 4. 
  

















Figure 5.21 The fluorescence quantum yield of Nile red in methanol/glycerol 
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fτ (ns)  
at 650 nm 
kr (107 s-1) knr (108 s-1) 
0 1.328 0.22 2.618 ± 0.002 8.40 2.98 
10 1.348 0.19 2.509 ± 0.001 7.53 3.23 
20 1.366 0.18 2.408 ± 0.002 7.33 3.42 
30 1.384 0.16 2.377 ± 0.001 6.70 3.53 
40 1.400 0.14 2.351 ± 0.001 6.06 3.65 
50 1.415 0.12 2.341 ± 0.001 5.21 3.75 
60 1.427 0.11 2.342 ± 0.001 4.75 3.80 
70 1.441 0.10 2.336 ± 0.001 4.34 3.84 
80 1.452 0.09 2.359 ± 0.001 3.70 3.87 
90 1.464 0.08 2.363 ± 0.001 3.36 3.90 
 
5.6.2 Lifetime 
The fluorescence decays of Nile red in methanol/glycerol solutions is shown in 
Figure 5.22. A monoexponential decay function is used to fit the fluorescence 
decays, and the details are illustrated in Table 5. 4. The fluorescence lifetime of 
Nile red in methanol is 2.62 ns, and it decreases as the ratio of glycerol 
increases. It agrees with the work by Sarkar and his co-workers, in which the 
fluorescence quantum yield and fluorescence lifetime decreases with polarity.219   
 
































Figure 5.22 The fluorescence decay of Nile red in methanol/ glycerol mixtures 




  Chapter 5 




5.6.3 The Magnitude of the Electronic Transition Moment 
The values of parameters from the emission spectra, fluorescence quantum 
yield, and fluorescence lifetime measurements for Nile red are fed into the eq. 
2.18 as illustrated in Figure 5.23. The data does not follow a straight line well, 
and the intercept of a straight-line fit is negative. Therefore the model does not 
work for this molecule because µL  should be between 0 and 1. The 
fluorescence process of Nile red is related to charge transfer mechanism, and 
involves different state. This could be the reason why the model is not working.  
 




























Figure 5.23 Relative variation of the radiative rate with the solvent refractive 
index for Nile red. The straight line represents the data following eq. 2.18. The 
gradient of this plot is 1054.06 ± 78.35 cm-3/2 s1/2 and the intercept is -1472.84 ± 
78.35 cm-3/2 s1/2. 
 
5.7 Summary 
The excited-state dipole moments are greater than the ground-state dipole 
moments for Rh123, Nile red, PM546 and BODIPY-C12 in methanol and glycerol 
solutions based on the Kawski-Chamma-Viallet’s formula (eq. 2.25). The 
electronic and geometrical structure of the molecule in the excited state can be 
obtained through the spectrum measurements and using the solvatochromic 
methods. Moreover, the Toptygin et al.’s model also offers more photophysical 
information of the fluorophores. 
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A summary of the dipole moments of all molecules is shown in Table 5. 5. The 
shape of the molecules can be revealed by Toptygin et al.’s model, except for 
Nile red. The radiative rate constant observed from the Strickler-Berg equation 
(eq. 2.11) is working for PM546, but not for Rh123 and BODIPY-C12. Our results 
show that the transition dipole moment of PM546 estimated from Toptygin et 
al.’s equation is in agreement with the experimental results for PM546 and also 
other theoretical calculations for the related molecular structure molecule, TM-
BODIPY. The Strickler-Berg equation could not deal with the transition dipole 
moment, but Toptygin et al.’s model can extract the information from time-
resolved spectral spectroscopy.  
 
Table 5. 5 The transition dipole moment of PM546, TM-BODIPY, BODIPY-C12, 
Nile red and Rh123. The red colour denotes the results from solvatochromic 






ge µµ −   
(D2) e
µ  (D) gµ  (D) µ  (D) µL  








 2.73212 3.27212 6.87212  
BODIPY-
C12 0.3 4.87   3.24 0.813 
Nile red 0.5 0.90   - - 
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Conclusions and Future work 
6.1 Conclusions 
Intracellular viscosity changes have been reported to result in diseases.110-113 
We have discussed some fluorescence techniques using a novel fluorescent 
molecular rotor to map intracellular viscosity. The viscosity of cell environments 
can be measured using the fluorescent molecular rotor via FLIM and 
polarization-resolved fluorescence anisotropy. The advantages of these 
techniques allow us to measure the viscosity over the whole cells, rather than 
FRAP or FCS techniques which only can measure the viscosity in a small area. 
BODIPY-C12 offers longer fluorescence lifetimes compared to other fluorescent 
molecular rotors, such as DCVJ or CCVJ, which is useful in measuring viscosity 
via fluorescence lifetime measurements and in particular mapping the viscosity 
via FLIM. Moreover, fluorescence lifetime can distinguish between viscosity and 
concentration effects, but by intensity measurements alone, the concentration 
effect could not be discriminated. Fluorescence lifetime measurements are 
better than ratiometric method measurements because they are straight-forward 
and can be utilised in any setup for fluorescence lifetime measurement. For 
ratiometric measurements, all measurements should be carried out on the same 
instrument to avoid different calibrations due to the spectral sensitivities of 
detectors. 
 
It has been demonstrated that the locations of BODIPY-C12 in cells are lipid 
droplets and the endoplasmic reticulum, and their environments are thus more 
viscous than the fluid phase of cytoplasm. The viscosity of lipid droplets may 
provide information on metabolism of lipids or other interaction related to lipids. 
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The heterogeneous environments can be reported via fluorescence lifetime of 
fluorescent molecular rotor or time-resolved fluorescence anisotropy decay. A 
dip-and-rise curve on time-resolved fluorescence anisotropy decay has been 
reported for a combination of fluorophores bound to an object and freely rotating 
fluorophores. The dip-and-rise anisotropy decay has not been reported using 
fluorescent molecular rotors.  
 
In order to extend our knowledge on photophysical properties of fluorophores, 
we demonstrated that the transition dipole moment of some fluorophores can be 
obtained using Toptygin et al.’s model. However, it is not working for Nile red. 
 
6.2 Future Work 
FLIM has been used to distinguish normal healthy and cancer cells using the 
endogenous fluorophores. It would be interesting to measure the fluorescence 
lifetime of BODIPY-C12 in normal and cancer cells. The function of an organelle 
may be associated with fluorescence lifetime. The intracellular location of 
BODIPY-C12 is lipid droplets and ER. High-resolution microscopy may indicate 
the precise position. Moreover, incubation of cells with BODIPY-C12 and oleic 
acid can show whether BODIPY-C12 is in the lipid core or membrane of lipid 
droplets. 
 
In section 4.5, the fluorescence lifetime and rotational correlation time of 
BODIPY-C12 in silicone oil has been demonstrated to fail to indicate viscosity. It 
would be interesting to measure BODIPY-C12 in higher viscosity silicone oils, in 
order to check the response of BODIPY-C12 to viscosity and to see whether it is 
in a low viscosity region or fails to the respond to viscosity altogether. 
 
The fluorescence lifetime of BODIPY-C12 is associated with the viscosity of its 
environment, but not the polarity. However, Nile red is a polarity probe. The co- 
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localization of BODIPY-C12 and Nile red in cells has been demonstrated. A map 
of viscosity and polarity of the environment can be achieved by measuring 
either the fluorescence lifetime of two dyes or fluorescence lifetime of BODIPY-
C12 combined with the emission spectrum of Nile red. Simultaneous 
measurement of the fluorescence lifetime of fluorescent molecular rotors and 
the emission spectrum of Nile red is possible because of their distinct emission 
spectra. The simultaneous measurements of FLIM and spectral ratiometric 
image have been reported achievable.221 It provides a method to map the 
viscosity and the polarity of the dyes’ environment simultaneously. 
 
Cell preparation is mentioned in section 3.3.1. Fluorescence signal is through a 
50:50 non-polarizing cube beamsplitter attached with two filters (FF01-514/30-
25, Semrock and 600 IU 25, Comar) and recorded by two hybrid PMT detectors, 
simultaneously. The fluorescence images and FLIM of HeLa cells with two 
channels are shown in Figure 6.1. The emission wavelength at 496-532 nm is 
dominated by BODIPY-C12, and the recorded emission wavelength at 580-620 
nm is manly contributed to by Nile red. The emission peak and lifetime of Nile 
red varies with the polarity of its surroundings. It was found that there are at 
least two lifetimes of Nile red in cells as shown in Figure 6.1(c and d). To 
discriminate the lifetime of Nile red in the specific polarity is ambiguous in the 
detected window. It is because the lifetime of Nile red is not really linearly 
dependent on the polarity of the solvent. Hence, to measure the lifetime of 
BODIPY-C12 and the emission spectrum of Nile red may be a better method. 
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Figure 6.1 The confocal fluorescence intensity images of BODIPY-C12 and Nile 
red in HeLa cells at 37°C, recorded emission wavelength at (a) 496-532 nm and 
(b) 580-620 nm, simultaneously. (c) The fluorescence decays of (a: 496-532 nm, 
b: 580-620 nm) channels in a few pixels. (d) FLIM of the latter and (d) its 
histogram. 
 
The viscosity is an important issue in biology, and BODIPY-C12 has been shown 
to be a candidate to measure the viscosity that is associated with membrane. It 
will be useful to modify the structure to become a water-soluble molecule or 
design it for a specific location. It could be used to study the lipid metabolism 





The quantum yield of BODIPY-C12 in binary solutions of 
glycerol and methanol 
The fluorescence quantum yield of an unknown fluorophore can be calculated 
using a relative method based on eq. 3.2. The integrated area of emission 
spectrum versus the absorbance of fluorescent molecule in the mixtures is 
illustrated in Figure A.1. The number in the figure denotes the volume fraction of 
glycerol for BODIPY-C12 in mixtures. Generally, a fluorophore with a high 
fluorescence quantum yield has higher emission intensity compared to the low 
quantum yield of the same concentration. The results show that the quantum 
yield of BODIPY-C12 in the solution with 90% of glycerol is higher than in the 
lower fraction of glycerol solution. The quantum yield of BODIPY-C12 being 
proportional to the viscosity of the solutions can be seen in Figure A.1 (a). 
Moreover, the quantum yield of fluorescein is much greater then BODIPY-C12 in 
all mixtures.  
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Figure A.1 The emission intensity versus absorbance of BODIPY-C12 in (a) 
methanol/glycerol mixtures and (b) methanol/glycerol solution with 80% of 
glycerol and fluorescein in 0.1M NaOH. The gradient is proportional to the 




A Lifetime and Time-Resolved Anisotropy of Fluorescein in 
Binary Solutions of Glycerol and NaOH 
There is a dip-and-rise anisotropy decay for a fluorescent molecular rotor in a 
heterogeneous environment that has two complete viscosity environments. In 
order to compare the anisotropy behaviour, we carried out time-resolved 
fluorescence anisotropy measurement of a rigid molecule in the similar viscosity 
environment as BODIPY-C12 in the mixtures with 60% and 90% of glycerol in 
section 4.6. A constant concentration of fluorescein in the mixtures of 
NaOH/glycerol was prepared. The details of samples are illustrated in Table A. 
1.  
 
Table A. 1 Details of fluorescein solutions. 
 
Volume % 




index fτ  (ns) θ  (ns) 
76.6% 2.3 ml of glycerol +0.7 
ml of 0.1 M NaOH 66 1.4453 3.63 4.5 
93.3% 2.8 ml of glycerol +0.2 
ml of 0.1 M NaOH 656 1.4655 3.48 18.2 
 
The fluorescence anisotropy decays are calculated using eq. 1.18 and the 
denominator of eq. 1.18 is fluorescence decay. We combined the fluorescence 
decay of two solutions of each polarization, and calculated the time-resolved 
fluorescence anisotropy decay using eq. 1.18. The fluorescence decays of 
fluorescein in mixtures with 76.6%, 93.3% of glycerol and the sum of decays are 
shown in Figure A.2, and the corresponding anisotropy decays are shown in 
Figure A.3. A monoexponential decay function is used to describe the 
fluorescence and anisotropy decays of fluorescein in individual solutions. It can 
be seen that there is a slight difference in lifetime due to refractive index effects 
according to eq. 2.11. From the time-resolved fluorescence measurement, the 
sum of fluorescence anisotropy decay of fluorescein does not have the similar 
curve as that of BODIPY-C12, as expected. Indeed, it was found that a simple 
exponential decay function can be used to fit the anisotropy decay of 











































Figure A.2 Fluorescence decays of fluorescein in NaOH/glycerol mixtures. The 






























Figure A.3 Time-resolved fluorescence anisotropy decays of fluorescein in the 





The Depolarization Effect in Microscope 
 
Eq. 1.18 is used to describe the polarization fluorescence carried out in a 
cuvette spectrometer, it means collimated linear polarized light is used to excite 
the fluorophore, and the fluorescence signal is collected in the parallel and 
perpendicular directions to the polarization of the incident light. If the time-
resolved polarization fluorescence measurements are taken via a confocal 
fluorescence microscope, the electric field vector of the excitation light through 
an objective is not collimated due to depolarization effects. The depolarization 
effects also influence the fluorescence intensity. Therefore, eq. 1.18 has to be 
modified.  
 
Here, Rh123 is used as a standard. Rh123 in methanol has a single 
fluorescence lifetime of 3.57 ns, and an initial anisotropy is 0.37 that measured 
using a cuvette spectrometer (FluoroCube, HORIBA). The value of r0 obtained 
from the measurement is in agreement with the literature value.196 The laser 
source is NanoLED-488L with a pulse duration less than 200 ps and a repetition 
rate of 1 MHz.  
 
The time-resolved fluorescence anisotropy measurements of Rh123 is carried 
out via the confocal microscope using an excitation light with horizontal 
polarization, and the fluorescence signal is recorded using different NA 
objective lens and different pinhole size. First, an air objective lens is used, next 
a water immersion and then an oil immersion objective. A range of NA between 
0.15 and 1.4 is used. The initial anisotropy versus cone half angle of objectives 
is shown in Figure A.4. The lifetime and anisotropy decays are calculated using 
eq. 1.18. It can be seen that fluorescence lifetimes are independent on NA of 
objectives and pinhole size. The anisotropy results show that the initial 
anisotropy value of Rh123 from 0.33-0.36 (NA=0.15) decreases to 0.28 
(NA=1.4). The initial anisotropy does not vary with the pinhole size. The 
rotational correlation times have 20% of variation in the same NA objective lens. 
It is difficult to get the correlation between rotational correlation time and 




immersion objective is lower than that using an air objective lens. It may result 
from the continuous heat of laser increasing the local viscosity of focus volume 
or it is due to the high NA.  
 
The initial anisotropy of Rh123 varying with NA is obtained, and it can be used 
to estimate the initial anisotropy value of BODIPY-C12 in Chapter 4.  
 












































































Figure A.4 Four representative relationships between initial anisotropy of Rh123 
and cone half-angle of the microscope objective with a different confocal 




Matlab code for Steady-State Fluorescence Anisotropy 
Mapping from Time-Resolved Fluorescence Anisotropy Decay 
 
Steady-State Fluorescence Anisotropy mapping (pixel of time*x-axis*y-
axis=256*256*128) from time-resolved fluorescence anisotropy decay data 
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